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Abstract 
Hyperglycemia is a wel l-known teratogen. It is one of the most common 
maternal illnesses resulting in congenital malformations. The incidence of 
maldevelopment among infants of hyperglycemic mothers is 3-4 times 
higher than in the normal population. Apart f rom congenital 
malformations, hyperglycemia accounts for approximately 4.73% of all 
perinatal deaths. The mechanism through which excess glucose results in 
tissue damage is still not precisely defined. The standpoint of this thesis is 
that oxidative stress may be the vital mechanism responsible for 
hyperglycemia-induced teratogenesis. The evidence that factors have been 
found associated w i th hyperglycemia, which can increase the production 
of free radicals supports this hypothesis. 
Caffeine is one of the most popular dietary sources. Series of experiments 
and trials in past have confirmed that caffeine is a week teratogen in 
rodents. Its teratogenic effect in humans is still an open question. Apart 
f rom acting as a teratogen, caffeine has also been demonstrated to have 
antioxidant activity, which is as effective as glutathione and significantly 
more effective than ascorbic acid. Caffeine exerts its antioxidative ability 
in a dose-dependent fashion. 
In the present study, we investigated the effect of addit ion of caffeine on 
hyperglycemia-induced teratogenesis w i th the use of a whole rat embryo 
culture model. We assessed embryos after culture w i th morphological 
scoring, 8-isoprostaglandins F2a measurement and protein content assay. 
Our results reaffirmed the dose dependent teratogenicity of 
hyperglycemia on embryonic development in the phase of organogenesis, 
and successfully demonstrated that hyperglycemia induced over-
production of free radicals significantly and dose-dependently. In the 
ii 
caffeine study, the threshold teratogenic level of caffeine was found to be 
30-60|ig/ml. In our combined effect study, addition of teratogenic dose of 
glucose and sub-teratogenic dose of caffeine, we observed a significant 
improvement in both morphology and pro-oxidant activity in embryos. 
We propose that caffeine acts as effective antioxidant at sub-teratogenic 
doses to scavenge free radicals induced by hyperglycemia, and hence 
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Section I: In t roduct ion 
Chapter 1: Overv iew 
Diabetes mellitus (DM) is a major health problem worldwide, affecting 
individuals f rom almost all populations and age groups. Epidemiological 
studies have shown that about 60 mi l l ion people suffer f rom diabetes in 
the wor ld (Global health situation 1993) and this number is constantly 
rising (King & Rewers 1991). The basic pathological feature of diabetes 
mellitus is hyperglycemia, which results in complications involving 
virtually every organ and system of the affected individuals (Sussman et 
al 1982; Omachi 1986; Harris et al 1993). The adverse effects of diabetes 
mellitus dur ing hyperglycemia on reproduction are wel l known 
(Kitzmiller et al 1996; Lowy 1993; Hanson et al 1990), including a 
significant increase in incidence of congenital malformations amongst the 
offsprings (Malins 1979; Molsted-Pedersen & Pedersen 1985). Previous 
studies supported that this hyperglycemia-induced teratogenicity is, at 
least partly, mediated through the overproduction of free-oxygen radicals 
(Eriksson & Borg 1991; Eriksson & Siman 1996; Sivan et al 1996; Siman & 
Eriksson 1997; Wentzel & Eriksson 1998; Forsberg et al 1998; Trocino et al 
1995; Yang et al 1997). 
Caffeine is one of the most popular psychoactive compounds used 
wor ldwide (ICO 1991; Gilbert 1984). It is present in many dietary sources, 
in particular coffee (Bunker & McWill iams 1979; Burg 1975). Caffeine in 
high concentration may be teratogenic (Elmazar et al 1982; Ikeda et al 1982; 
Smith et al 1987; Collins 1979). On the other hand, caffeine has also been 
shown to possess antioxidant property (Devasagaam & Kesavan 1996; Shi 
& Dalai 1991). It is therefore interesting and clinically important to 
investigate the interaction between hyperglycemia and caffeine on 
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embryogenesis, which is the main objective of this thesis. 
In the fol lowing two chapters, previous studies and evidence for 
hyperglycemia-induced teratogenesis, and on caffeine as a teratogen as 
wel l as an antioxidant w i l l be reviewed. The research question w i l l be 
discussed in chapter 4. The study design, methodology and results w i l l be 
detailed in chapter 5, 6 and 7 respectively. Further discussions w i l l be 
detailed in chapter 8, and the last chapter w i l l conclude the findings, 
significance of the thesis, and its implication for future studies. 
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Chapter 2: Teratogenic Effects of Hyperglycemia 
2.1 What is Hyperglycemia? 
In Greece, 'hyper? means 'above' whereas 'glycemic' relates to glucose 
levels. Hyperglycemia refers to a state in which the blood glucose level is 
higher than normal (Lawrence et al 1989). 
Blood glucose level in pregnancy is tightly controlled by the interactions 
of hormones including oestrogen, progesterone, free Cortisol, prolactin, 
insulin and glucagon. Many organs, including the ovary, fetal adrenal 
cortex, placenta, anterior pituitary, maternal adrenal cortex, and pancreas 
are involved in the production and control of these hormones. 
Hyperglycemia may occur when the body has insufficient insulin (Type I 
or insulin-dependent) or when the body cannot use insulin properly (Type 
I I or non-insulin-dependent). Pregnant women need more insulin to 
maintain normal carbohydrate metabolism because most fetal-placenta 
hormones have anti-insulin effects. If the woman is unable to maintain 
higher insulin production to meet the demand she may become diabetic. 
In 1968, Emanuel reported that the normal fasting levels of glucose in each 
mill i l iter of human adult blood should be 0.87土 0.06 mg, while in 1980, the 
World Health Organization (WHO) suggested that a fasting blood glucose 
levels of more than 1.44g/ml should be regarded as DM. Freinkel et al in 
1986 reported that the equivalent level in rats was approximate to 1.2 
mg/ml . 
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2.2 Teratogenic Effects of Hyperglycemia 
In Greece, 'Terat-' refers to monsters. Teratology is the branch of 
embryology and pathology that deals w i th abnormal developments and 
congenital malformations. Similarly, teratogenesis means induction of 
congenital deformity (Lawrence et al 1989). 
2.2.1 Human Studies 
Hyperglycemia or diabetes mellitus is known to adversely affect human 
reproduction. It is associated w i th a reduction in ferti l i ty potential and a 
significant increase in the incidence of abortion (Miodovnik et all985), 
preterm labor (Jacobson & Cousins 1989; Rosenn et al 1993; Mimouni et al 
1988), intra-uterine death (Drury et al 1977; White 1971), sti l lbirth 
(Jovanovic & Peterson 1980), and macrosomia (Oates et al 1980). 
Neonates born to mothers w i th diabetes mellitus are at higher risk of 
respiratory distress syndrome (RDS) (Nogee et al 1993), hypoglycemia 
(Druzin et al 1980), hyperbilirubinemia (Taylor et al 1963) and birth 
trauma (Wil l iam 1995). Last, but not the least, hyperglycemia or diabetes 
mellitus is associated w i th a significant increase in the incidence of fetal 
congenital malformations. 
In humans, hyperglycemia or diabetic associated malformations are 
commonly found in the cardiovascular system and the neural tube, 
although virtual ly any organ or system may be affected (Singer 1995). 
Caudal regression syndrome, which is characterized by absence of sacrum 
or coccyx, is almost a specific complication of diabetes mellitus (Rusnak & 
Driscoll 1965). 
The incidence of congenital anomalies has consistently been found to be 
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higher among diabetic mothers compared to the normal general 
population. Chung and Myrianthopoulos (1975) f rom the United States 
reported that, in a total of 47,000 non-hyperglycemic pregnancies and 947 
hyperglycemic pregnancies, 17% of the infants of women w i th 
hyperglycemia and 8.4% of those of non-hyperglycemic women had 
malformations. Soler et al (1976) and Drury et al (1977) studied 701 and 
300 hyperglycemic pregnancies respectively. In these two series, 
malformation rates were 8 % and 6.4% respectively, compared w i th 1% 
and 2% in the general population. Again, a similar survey was reported in 
1982 (Beard and Lowy 1982). There were 38 (5.72%) cases w i th fetal 
congenital anomalies in the established diabetics and 4 (1.79%) in the 
gestational diabetics. Approximately half of the malformations were 
classified as major. Overall, the incidence of congenital malformation in 
hyperglycemic or diabetic mothers is approximately 3 to 4 times higher 
than that in normoglycemic mothers. 
For obvious reasons, human data concerning the incidence of 
hyperglycemia- induced malformation are mostly based on 
epidemiological and observational studies. Further studies into the 
underlying mechanisms of pathogenesis are hindered by ethical 
constraints. Animal models, both in v ivo and in vitro, are therefore 
developed as an alternative approach. 
2.2.2 Animal Studies 
Animal studies have also shown that hyperglycemia is associated w i th 
various kinds of malformations. The major effects include the induction of 
malrotation of the tail and abnormal non-closure of the neural tube, i.e., 
neural tube defect (Pinter et al 1986). In addition, the yolk sac is also 
affected resulting in a marked reduction in vitelline vessel formation w i th 
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sparse, patchy and non-uniformly located visceral yolk sac capillaries. 
Ultrastructurally, endodermal cells f rom these visceral yolk sac had a 
significant reduciton in the numbers of ribosomes, mitochondria and l ip id 
droplets in cytoplasm (Reece et al 1998). 
In 1986, Norbert Freinkel described the use of whole rat embryo culture to 
demonstrate the teratogenicity of hyperglycemia (Freinkel 1986). Whole 
rat embryos of a strain, Spargue Dawley, were explanted at the stage of 
organogenesis and cultured in rat sera supplemented w i th D-glucose of 
increasing concentrations: 1.5 m g / m l (control), 3mg/ml , 6mg/ml , 
9mg/ ml and 12mg/ ml. This study showed that increasing glucose level in 
the culture medium resulted in faulty organogenesis of the neural (major 
lesions) and extraneural (minor leisons) organs in a dose-dependent 
fashion up to 23% and 49% respectively. Reece et al (1998) reported a 
similar study using a different rat, the Charles rover, and cultured its 
conceptuses under increasing hyperglycemic conditions. A dose-related 
increase in the incidence of malformations was observed w i th increasing 
glucose levels: A 20% malformation rate was induced at glucose level 
approximately twofold (3mg/ml) of normal level (1.5mg/ml), and almost 
100% rate at levels greater than six times of control (9.5mg/ml). However, 
the types of induced malformations d id not differ w i t h different glucose 
concentrations. These data clearly showed that the dysmorphogenic 
potential of ambient glucose is concentration-dependent although the 
precise relationships may be quantitatively different in various species or 
in different strains of the same species. 
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2.3 Timetables for Embryogenesis: Rats versus Humans 
Although hyperglycaemia could induce fetal malformation, such an effect 
occurs only if the fetus is exposed to the adverse condition during the 
critical period of organogenesis. In rat, malformations were found in the 
offspring of streptozocin-induced hyperglycemia (Eriksson et al 1989) and 
spontaneous diabetic BB/E rats (Shepard et al 1980) that d id not receive 
insulin therapy during gestational day 6-10, which is the early period of 
organogenesis when the basic tissues are formed. This early insult exerts 
profound effects on subsequent development dur ing the remaining period 
of pregnancy. 
In humans, a normal gestation lasts 280 days f rom the start of the last 
menstral period, or 266 days f rom the time of conception. In rats, the total 
gestational period takes 21 days on average only depending on strains. It 
is therefore not surprising that the periods of organogenesis, when 
embryos are most vulnerable to the effects of teratogens, are different 
between humans and rats. The understanding of the difference is very 
important if any observations made in experiments using rat embryos are 
to be extrapolated to human embryos. 
Comparative timetables in rat and man for embryogenesis are as follows: 
In rats, implantation occurs on day 6-7 of pregnancy, the neural plate is 
established on day 9.5, the anterior neuropore closes on day 10.5 and 
closure of the posterior neuropore occurs on day 11.5. In humans, 
establishment of the neural plate takes place on day 18-20, the anterior 
neuropore is closed on day 24-25 and the closure of posterior neuropore 
occurs on day 26-27. In rats, formations of body organs occur between 
gestational day 6-10 which is equivalent to 3-6 weeks after conception in 
human cases (Shepard et al 1980; Mil ls et al 1989). 
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2.4 Mechanisms of Hyperglycemia Induced Teratogenesis 
Many factors have been explored and reported to be associated w i th 
hyperglycemia-induced teratogencity, including deficiency in arachidonic 
acid (Goldman et al 1986; Pinter et al 1988), myo-inositol (Hod et al 1986; 
Sussman & Matschinisky 1988; Weigensberg et al 1990; Bruce & Bray 1983; 
Greence et al 1987), as well as genetic factors (Eriksson et al 1986, 1988). 
Even though Eriksson has attempted to propose a uni fy ing concept for 
hyperglycemia-induced teratogenesis (Eriksson et al 1996), the precise 
mechanisms are still unknown. Recently, there are increasing evidences 
that oxidative stress may play a vital and central part of teratogenesis. 
2.4.1 What are Free Radicals? 
Electrons in atoms occupy regions of space known as orbitals. Each orbital 
can hold a maximum of 2 electrons, spinning in opposite directions. A free 
radical can be simply defined as any species capable of independent 
existence that contains one or more unpaired electrons: an unpaired 
electron being one that is alone in an orbital. Most biological molecules are 
non-radicals, containing only paired electrons. Because electrons are more 
stable when paired together in orbitals, free radicals are, in general, more 
reactive than non-radical species, although there is a considerable 
variation in their individual reactivity (Hall iwell et al 1989). In general, 
most of the free radical species in biological systems are derived f rom 
oxygen. The most important electron acceptor in the biosphere is 
molecular oxygen, which, by virtue of its bi-radical nature, readily accepts 
unpaired electrons to give rise to a series of partially reduced species 
collectively known as 'reactive oxygen species' or 'R〇S'. 
Free radical reactions have been implicated in the pathology of more than 
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50 human diseases (Hall iwell et al 1991). Radicals and other reactive 
oxygen species are formed constantly in the human body, both by 
deliberate synthesis and by chemical side-reactions occurring when 
antioxidant defenses are inadequate. Target oxidations, also known as 
oxidative stress, are mediated by increase in the generation of free radicals 
or by decrease in the protective ability of the body to withstand normal 
levels of peroxidation, and can damage lipids, proteins, carbohydrates and 
DNA. Oxidative stress plays an important role in hyperglycemia, which is 
associated w i th increased production of free radicals. 
Free radicals can react w i th other molecules in a number of ways. Thus, if 
2 radicals meet, they can combine their unpaired electrons and join to 
form a covalent bond- a shared pair of electrons. However, if a radical 
gives one electron to, takes one electron f rom or simply joins on by 
addit ion to a non-radical, that non-radical becomes a radical. Thus, a 
feature of reactions of free radicals w i th non-radicals, which includes most 
biological molecules, is that they tend to proceed as chain reactions: One 
radical generates another and so on. Only when two free radicals meet can 
these chain reactions be terminated (Hall iwell et al 1991). 
2.4.2 Major Free Radical Species Involved in Hyperglycemic 
Teratogenesis 
Major reactive oxygen species of interest include the hydroxyl radical 
( OH), superoxide (Or), hydrogen peroxide (H2O2), peroxyl radical (RCX>) 
and singlet oxygen (1O2), all of which are also capable of causing 
biomolecular damages (Warso et al 1983). 
Among the various reactive oxygen species, the hydroxyl radical, singlet 
oxygen and the peroxyl radical are the most potent and highly damaging. 
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The hydroxyl radical attacks neighbouring biomolecules at very high rates. 
However, the half-life of hydroxyl radicals in biological system is rather 
low, in the order of 10-9 second. The half-life of singlet oxygen is in 
microseconds and that of peroxyl radicals is in seconds. Besides these, 
there are also several secondary radicals or excited states derived from the 
primary species (Devasagayam et al 1996). 
2.4.3 Molecular Damage Induced by Reactive Oxygen Species 
Normally, cells are protected against free radicals by the action of 
naturally occurring antioxidants. In the event of oxidative stress, free 
radicals are in excess, which w i l l lead to the fol lowing cellular damages. 
D N A Damage - The primary site of oxidative damage is DNA. Leading to 
altered bases and strand breaks. Both types of change, if not repaired, 
affect the cell structure and function (Devasagayam et al 1996). 
Protein Damage - The reactive oxygen species can induce significant 
structural alternations in proteins through cross-linking and 
fragmentation (Chang et al 1985), which may lead to inactivation of 
proteins (Devasagayam et al 1996). 
L ip id Damage - Cellular membranes contains polyunsaturated fatty acids 
which possess large amount of double bonds and are therefore one of the 
major targets of free radicals. Oxidative damage results in l ip id 
peroxidation, which is a chain reaction involving initiation, propagation, 
and termination reactions. Unchecked peroxidative decomposition of 
membrane lipids is catastrophic for l iv ing systems, leading to adverse 
alterations in other cellular molecules, either directly or indirectly through 
byproducts (Devasagayam et al 1996). L ip id peroxidation also reduces the 
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synthesis of prostacyclin and ultimately lead to an imbalance between 
prostacyclin and prostaglandin (Warso et al 1983). This prostanoid 
imbalance could cause indirect tissue injury and maldevelopment. 
2-4.4 Supporting Evidence of Reactive Oxygen Species Causing 
Anomalies 
Recently, there are many clinical and experimental studies which 
supported the critical role of over-production of free radicals in the 
pathogenesis of hyperglycemia-induced embryopathy. Abnormal GSH 
(one of the primary cellular antioxidants) metabolism and therefore a 
reduced ability to degrade free oxygen radical were found in embryos 
exposed to hyperglycemic environment (Hales & Brown 1991). Significant 
reduction in the incidence of hyperglycemia-induced malformation were 
observed if embryos were observed when supplemented w i th a wide 
variety of free oxygen radical scavengers, including superoxidase, catalase, 
glutathione peroxidase and vitamin E (Eriksson et al 1989; 1991; 1993; 
Sivan et al 1996). Free radical scavengers or antioxidants are enzymes or 
molecules that prevent cellular damages by degrading free radicals. 
Similarly, Hagay et al (1995) demonstrated a significant lower rate of 
malformation in transgenic hyperglycemic embryos which over-expressed 
superoxide dismutase, which is an extremely potent antioxidant. 
Wentzel et al (1999) in their in vi tro and in vivo study found an increased 
concentration of Fz-isoprostane compounds in conceptuses of 
hyperglycemic pregnant rats representing a higher free oxygen radical 
activity. F2-isoprostane is the most stable and reliable marker so far for the 
estimation of the degree of l ip id peroxidation caused by free radicals 
(Roberts & Morrow 1994; Awad et al 1996). 
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2.4.5 Hyperglycemia and formation of Free Radicals 
Hyperglycemia induces changes in many biochemical pathways which 
contribute to the increase in free radical production either directly, or 
indirectly due to a reduction in antioxidative capability. Glucose may 
undergo autoxidation which describes the capability of glucose to enolize 
and thereby reduce molecular oxygen and yield oxidizing intermediates 
(Hunt et al 1988; Wolff et al 1987; Jiang et al 1990). 
The influx of glucose into cells stimulates the polyol pathway (Hohman & 
Beg 1994), which results in a reduced N A D P H to NADP+ ratio and an 
increase in the cytosolic N A D H - to - N A D + ratio (Will iamson et al 1993). 
As a consequence, activity of the glutathione redox cycle, a principal 
biological antioxidative pathway which is NADPH-dependent, is reduced 
(Asahina et al 1995). On the other hand, free radicals are generated via an 
increased synthesis of prostaglandin H2 from prostaglandin Gsdue to an 
overactivity of the converting enzyme hydroperoxidase which uses 
N A D H as a cofactor (Smith 1986). 
There is evidence that hyperglycemia itself may depress natural 
antioxidant defenses, such as superoxide dismutase (〇da et al 1994). 
Hyperglycemia also cause cumulative irreversible alterations in stable 
macromolecules, including the excessive formation of glycosylated 
proteins (Brownlee et al 1984). It has been shown that hyperglycemia 
increased gylcosylation of erythrocyte superoxide dismutase, resulted in a 
reduction in its antioxidative ability (Ami et al 1987). Glycosylation 
products themselves may be oxidized under catalysis by transition metals 
to form autoxidation products i.e., free radicals. (Ahmed et al 1998, Baynes 
et al 1991; Jiang et al 1990). 
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Chapter 3: Caffeine as Teratogen and Antioxidant 
3.1 Popularity of Caffeine 
Caffeine (C8H10N4O2) is one of a family of methylated xanthines, often 
referred to as 1,3,7-trimethylxanthine or merely xanthine. 
Humans possess an extraordinary propensity to consume psychoactive 
compounds. Of the numerous substances used, none is more popular than 
caffeine. More than 80% of the world's population, irrespective of age, 
gender, geography, or culture, consume caffeine daily (ICO 1991). The 
average per capita daily intake of caffeine varies between 200 mg to 400 
mg, which is equivalent to 2 to 6 cups of coffee or tea (Gilbert 1984). The 
figure below shows the approximate caffeine content in each 225 ml of 
different dietary sources (Bunker & McWilliams 1979; Burg 1975). 
brewed coffee l | j | | £ 
instant coffee ^ l ^ t B ^ K t K K / t K I K I K t K K I ^ ^ B K K K ^ K M 
^ decaffeinated cx)£fee • 
o .. w 
tea mKtKKtKK^KKtKi^M 
^ drinkirig chocolate • 
cola drinks ^ H j H I 
0 10 20 30 40 50 60 70 80 90 100 
amount of cafiidne per 225ml of souroe(ir^ 
Caffeine content of the main dietary sources 
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3.2 Basic Metabolism of Caffeine 
Following ingestion, caffeine is readily absorbed and distributed 
throughout the entire body. Both animal and human studies have shown 
that there are no significant physiological barriers l imit ing the passage of 
caffeine through any biological membranes (Arnaud 1984; 1983; 1987; 1988; 
Bonati et al 1984), including the human placenta (Goldstein & Warren 
1962). Caffeine concentrations in blood are highly correlated w i th those 
found in breast mi lk (Bailey et al 1982; Berlin 1981), amniotic fluid and 
fetal tissue (Brazier et al 1983; Van't Hoff 1982). Biotransformation of 
caffeine is regulated by cytochrome P-450 enzyme system in the liver. In 
adults, caffeine is completely transformed, w i th less than 2% of the 
ingested compound being recoverable in urine unchanged. 
The half-life of caffeine ranges f rom 0.7 to 1.2 hours in rodents, and 2.5 to 6 
hours in humans (Blanchard & Sawers 1983; Bonati et al 1982). A number 
of factors affect the rate of elimination of caffeine. Newborns show a 
markedly decreased rate of clearance due to the immaturi ty of hepatic 
systems, namely cytochrome P-450 (Aldridge et al 1979; Aranda et al 1979; 
Carrier et al 1988) and some demethylation and acetylation pathways 
(Aldridge et al 1979; Aranda et al 1979; Pariente-Khayat et al 1991). The 
clearance rate for caffeine decreases dur ing the course of pregnancy, 
resulting in an approximate threefold increase in the plasma half-life of 
the drug by the second and third trimester (Aldridge et al 1981; Knutt i et 
al 1981; Parsons & Pelletier 1982). Cigarette smoking increases the rate of 
caffeine elimination (Joeres et al 1988). 
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3.3 Biological Actions of Caffeine 
The primary biological action of caffeine is the stimulation of the central 
nervous system. Like other methylxanthines, this effect is mediated by 
blocking the effects of the neuromodulator adenosine (Milon et al 1988; 
Hirsh 1984; Spindel 1984). Caffeine and other methylxanthines affect the 
contractility of the heart and blood vessels by influencing 
neurotransmission in the central nervous system and in the peripheral 
nervous system (Fredholm 1984; Daly 1993; Nygard et al 1997). In the 
gastrointestinal system, caffeine stimulates pancreatic hormone secretion, 
gastric secretion and gall bladder contraction (Fredholm 1984). Caffeine 
also stimulates respiration and causes relaxation of tracheal smooth 
muscle by increasing the effect of acetylcholine or cholinesterase inhibitors 
(Fredholm 1984). Lastly, the diuretic effect of methylxanthines could be 
explained by the increase in renal blood flow and glomerular f i l tration 
rate caused by the chemical itself. 
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3.4 Teratogenicity of Caffeine 
3.4.1 Animal Studies 
3.4.1.1 Teratogenic Effects of Caffeine in Animals 
Nishimura et al (1960) was one of the earliest reports demonstrating 
teratogenic effect of caffeine in vivo. They found a malformation rate of 
18% to 43% in one hundred SMA mice given one single dose of 250mg/kg 
of caffeine between days 10 to 14 of pregnancy. This observation was 
subsequently confirmed by other experiments on mice (Kjioche & Konig 
1964; Fujii et al 1969; Snigorska & Bartel 1970; Bartel & Gnacikowska 1972; 
Elmazar et al 1981; 1982; Scott 1983). Fujii et al (1969) also found that a 
single, high daily injection of caffeine resulted in malformations in 18% to 
21% of fetuses, compared w i th only 6% if the same amount was given in 
divided doses. No teratogenic effect however was found when a lower 
dose of up to 36 mg of caffeine / k g on Days 6-15 of gestation was given 
(Food and Drug Research Labs 1973). 
Similar in v ivo experiments in the Osborne-Mendel rats and Wistar rats 
showed that maternal caffeine exposure up to 125mg/kg caffeine was 
associated w i th a higher incidence of fetal malformation including 
ectrodactyly and delayed skeletal ossification (Bertrand et al 1970, Collins 
et al 1981, Ikeda et al 1982; Smith et al 1987). Using Spargue Dawley rats, 
Fujii & Nishimura (1972) found that the incidence of fetal malformation is 
higher w i th daily caffeine consumption of 300 mg /kg , but not w i th 180 
mg of caffeine/kg/day. 
Using an in vi tro whole rat embryo culture model, Iwase et al (1994) was 
able to demonstrate a dose-dependent effect of caffeine on the incidence of 
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fetal malformation. In 1997, Marret et al reported their work of culturing 
mouse embryos w i th caffeine in concentrations equivalent to heavy 
caffeine consumers. They found that a short exposure to caffeine induces 
significant disturbances of early fetal neurogenesis including failure of 
neural tube closure, excessive proliferation of neuroepithelial cells and 
premature evagination of telencephalic vesicles. 
In summary, animal studies showed that malformations associated w i th 
caffeine consumption included craniofacial anomalies (labial or palatal 
clefts), ectrodactyly (absence of toes), and abnormalities of the limbs and 
digits (Al ivert i et al 1979; Battig & Sullivan 1987; Collins 1979; Collins et al 
1981; Elmazar et al 1981; Fujii 1976; Fujii & Nishimura 1969; Nash & 
Persaud 1988; Purves & Sullivan 1993; Smith et al 1987). More rarely 
observed are malformations of the eyes, the cranium, and the tail (Nolen 
1988; Wilson & Scott 1984) as well as cardiac malformations (Mulhiv i l l 
1973). One effect of caffeine consistently demonstrated by most 
investigations is a delay in skeletal ossification (Collins et al 1981; 1983; 
Elmazar et al 1982; Fujii & Nishimura 1972; Nolen 1981; 1982; Palm et al 
1978). Wi th respect to brain development, three types of disorders in 
neurulation are observed, including thickening of the neuroepithelium, 
premature evagination of the ventral prosencephalic neuroepithelium , 
and absence of neural tube closure (Marret et al 1997). 
3.4.1.2 Teratogenic Dose of Caffeine 
Most experimental studies so far supported that caffeine is teratogenic, but 
only at a relatively high dose. Thus, caffeine can be considered a weak 
teratogenic agent. Teratogens may be classified as “ peak blood level" type 
or "area under the curve" type when the blood level is plotted against 
time. Caffeine may be considered a teratogen of the •‘ peak blood level" 
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type, and a level of 60-80 | ig /ml or more in plasma is required for 
teratogenicity (Elmazar et al 1982; Ikeda et al 1982; Smith et al 1987; 
Collins 1979). Plasma caffeine lower than 60^g/ml, although not 
teratogenic, may still adversely affect the fetus resulting in fetal loss 
(Gilbert et al 1973), growth retardation or delayed skeletal ossification 
(Purves et al 1993). 
Administration of 80mg/kg of caffeine per day to pregnant rats in their 
drinking water resulted in a mean peak plasma caffeine level of 5 .7陀 /ml 
(Ikeda et al, 1982). In order to reach the teratogenic threshold level of 60 
^ig/ml, a rat has to consume 800 mg (80 x 10) of caffeine a day. Using these 
hypothetical data, 800mg/ day caffeine is equivalent to a rat (weighing 10 
kg) consuming 8,000 mg (800 x 10) of caffeine a day, or 80 cups of coffee, 
200 cups of tea or, 228 cans of cola. 
In human, the administration of 91mg of caffeine per day resulted in a 
mean peak plasma caffeine level of l .O l ^g /m l (Hasegawa et al 1989). 
Hence, in order to reach the teratogenic threshold level of 60^g/ml in rat, 
one has to consume 5460 mg (91 x 60) of caffeine a day, which is 
equivalent to 55 cups of coffee, 137 cups of tea, or 156 cans of cola. 
3.4.1.3 Interspecies Sensitivity 
The sensitivity of different animal species to teratogenic effects is variable, 
w i th mice being more sensitive than rats. In mice, the malformations 
appear at doses of 50-75 m g / k g (Wilson & Scott. 1984) while in rats, the 
events happen at doses of 80-100 m g / k g (Collins 1979; James 1991; Purves 
& Sullivan 1993). Indeed, the frequency of fetal malformations differs from 
one strain of rats to another. For example, the Sprague Dawley strain is 
more liable to maldevelopment than the Wistar strain when exposed to 
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teratogens. 
3.4.2 Human Studies 
Although there is strong evidence that high dose caffeine is teratogenic to 
animal embryos, whether such effects exist in human gestation is still 
unknown. Due to ethical constraints, human data are mostly derived f rom 
epidemiological and observational studies, amongst which 
methodological problems such as inadequate sample size, selection bias, 
recall bias or the presence of uncontrolled confounding factors commonly 
existed. 
Borlee et al (1978) reported a significant rise in incidence of congenital 
malformations in women who drank more than 8 cups of coffee per day, 
although potential confounding effect of and interaction between other 
teratogens such as tobacco and nicotine were not taken into account. 
Jabsoson et al (1981) reported three subjects w i th ectrodactyly and other 
malformations born to mothers who drank between 8 to 25 cups of coffee 
per day, which was equivalent to 1100 mg to 1777 mg of caffeine per day, 
(Jabsoson et al 1981). More recently, Furuhashi et al (1985) found that there 
was a significantly higher risk of congenital abnormalities in individuals 
who consumed more than 5 cups of coffee per day when compare w i th 
those who d id not. 
On the other hand, many studies have failed to demonstrate any 
relationships between congenital malformations and caffeine consumption 
(Heinonen et al 1977; Kurppa et al 1983; Lechat et al 1980; L inn et al 1982; 
Mart in et al 1982; McDonald et al 1992; Morris et al 1981; Nelson et al 1971； 
Olsen et al 1991; Roseberg et al 1982; Tikkanen et al 1988). 
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In summary, the relationship between caffeine and fetal malformation is 
far f rom clear. Even if exist, such an effect is likely to occur only in very 
high doses of caffeine consumption. 
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3.5 Possible Mechanisms for the Teratogenic Actions of Caffeine 
Caffeine at high plasma concentration of 300 may disturb intracellular 
signaling by stimulating the release of calcium from intracellular stores 
(Tsai & Barish 1995). At concentration of 100 |Lig/ml, caffeine increases the 
level of cyclic adenosine monophosphate (cAMP) (Nehlig et al 1992), 
which was though to be important in inducing digit malformations and 
hypoplasy of limbs (Fujii & Nishumura 1969), and in cardiac 
malformations (Imamura et al 1992). H igh cAMP levels may also dilate 
peripheral blood vessels, which is thought to induce hyperemia of the tail 
and hematoma in the yolk sac (Iwase et al 1994). H igh caffeine 
concentration has also been found to induce placenta injury (Schreiner et 
al 1986), reduction in intervillous placental blood f low (Kirkinen et al 1983) 
and increased concentration of noradrenaline, all of which might lead to 
abnormal embryonic development (Kirkinen et al 1983). 
However, such high concentration of is unlikely to be achievable after 
ordinary consumption of caffeine in human. The plasma concentrations 
associated w i th typical patterns of consumption usually do not exceed 10 
Hg/ml, usually between 0.5 and 3.0 |ag/ml (Fredholm 1985). Therefore the 
most plausible principal mechanism of action, is by competitive blockade 
of adenosine receptors (Fredholm 1995) due to the similar molecular 
structure between caffeine and adenosine. As adenosine generally 
functions to inhibit physiological activity, the blockade of adenosine 
receptors by caffeine has broadly stimulant effects (Hughes et al 1991). 
Caffeine was also thought to induce its teratogenicity through increased 
release of corticosterone. Labial and palatal clefts have been produced in 
mice by glucocorticords, and a dose of 100 m g / k g of caffeine increases the 
concentration of corticosterone in mice by tenfold (Elamzar et al 1981). 
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3.6 Caffeine as an Antioxidant 
Apart f rom acting as a teratogen, caffeine has been also known for its 
potential beneficial antioxidative power. As early as the 1970s, caffeine 
had been shown to exert protective effects against oxic component of 
radiation damage in cell culture systems (Kesavan & Natarajan 1985), 
plant systems (Kesavan et al, 1973), and in aqueous suspensions of 
bacterial spores (Kesavan & Powers 1985; Raghu & Kesavan 1986). It was 
later shown that the radioprotective effect of caffeine was due to its ability 
to scavenge potentially damaging hydroxyl radical and electrons (Farooqi 
& Kesavan 1992; Raghu & Kesavan 1986), thereby protecting cells against 
apoptosis induced by free oxygen radicals released by radiation (Zhen & 
Vaughan 1995). 
In 1991, Shi reported on the reaction of caffeine w i th hydroxyl radicals. 
They found that caffeine effectively scavenges hydroxyl radicals w i th a 
constant reaction rate comparable to those of other efficient hydroxyl 
radical scavengers, and such behavior is dose-dependent. In 1996, 
Devasagayam et al carried out a detailed study on the effect of caffeine on 
l ip id peroxidation and they found that caffeine was a more potent 
antioxidant than glutathione and ascorbic acid - two well-established 
antioxidants. 
Mechanisms of action of antioxidants include removal of oxygen, 
scavenging reactive species, inhibit ion of reactive species formation, as 
wel l as upregulation of endogenous antioxidant defenses (Hall iwell 1990). 
As for caffeine, its antioxidant action is exerted through scavenging 
reactive species produced in oxidation of substrate (Raghu & Kesavan 
1986, Shi & Dalai 1991; Devasagayam et al 1996). 
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3.7 Combined Effects of Caffeine and Other Substances 
Combined effects of caffeine and common teratogens are widely known 
(Mulvih i l l 1973; Collins et al 1979; 1981). Recent studies on chicken 
embryos and rodents have proven that caffeine does potentiate the 
teratogenic effects of many substances, including nicotine (Gilani & 
Persuad 1986; Nash & Persuad 1988; 1989), irradiation (Kusama et al, 1989; 
Muller et al 1989; 1983; 1985), alkalizing agents (Fujii &： Nakatsuda 1983; 
Nakazawa et al 1985) and ethanol (Gilani & Persuad 1985; 1986; 
Henderson et al 1991; Ross & Persuad 1984; 1989; 1990; Tanaka et al 1985); 
only two studies did not demonstrate this phenomenon (Fadel & Persuad 
1991; 1992). 
However, to our knowledge, there is no data on the possible combined 
effects of caffeine and hyperglycemia. We believe that it is clinically 
important to investigate the interaction between these two since it is not 
rare to encounter a hyperglycemic mother who is also a caffeine drinker. 
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Chapter 4: Combined Effects of Hyperglycemia and Caffeine on 
Early Embryogenesis- A Question to be Answered 
4.1 Possible Links between Hyperglycemia and Caffeine 
Diabetes mell i tus/ Hyperglycemia is a common disease wor ldwide and is 
the most common cause of fetal malformation due to maternal disease 
(Malins 1979; Molsted-Pedersen & Pedersen 1985). Since over 80% of the 
population consumes caffeine daily (ICO 1991), it wou ld not be rare to 
encounter a pregnant diabetes mellitus patient who also takes caffeine. 
What then would be the effect of caffeine consumption on hyperglycemia 
induced teratogenesis? 
It is possible that caffeine, being a teratogen itself at high concentration, 
may directly potentiate the teratogenic effects of hyperglycemia. 
Furthermore, caffeine is known to increase blood glucose level after 
consumption in a few hours in a dose dependent fashion (Cherskin 1968), 
which might indirectly enhance the teratogenic effect of hyperglycemia. 
However, their interaction may be a beneficial one. The antioxidative 
effect of caffeine may ameliorate the teratogenic actions of hyperglycemia 
which was mediated through the production of reactive oxygen species 
(Sivan et al 1996; Eriksson et al 1989; 1993; 1991; Wentzel et al 1999). 
So far, the combined effects of caffeine and hyperglycemia on embryonic 
development have not been studied. We postulate that caffeine in low 
dose may prevent hyperglycemia-induced malformations by reducing 
oxidative stress. A t high dose, however, the teratogenic effects of caffeine 
are so profound that it outweighs the beneficial antioxidant effect. 
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4.2 Objectives of the Present Study 
The main research objectives of the present study are: 
(i) To establish an animal model for the study of hyperglycemia 
induced fetal malformation. 
(ii) To reconfirm that hyperglycemia results in oxidative stress, 
which is in turn associated w i th a higher incidence of 
malformations. 
(iii) To quantify the teratogenic dose of caffeine 
(iv) To assess the effect of sub-teratogenic level of-caffeine on the 
incidence of malformation and on the level of oxidative stress 




There are two main hypotheses to be tested. 
(i) Addi t ion of a sub-teratogenic concentration of caffeine reduces/ 
abolishes the incidence of malformation caused by 
hyperglycemia. 
(ii) Addi t ion of a sub-teratogenic concentration of caffeine reduces/ 
abolishes oxidative stress caused by hyperglycemia. 
The nul l hypotheses are therefore, 
(i) |^ i-|Li2 = 0. Where is the mean morphology score in embryos 
after in vitro culture in teratogenic doses of glucose, and is 
the mean morphology scores of embryos after in vi tro culture 
in teratogenic doses of glucose and sub-teratogenic doses of 
caffeine. 
(ii) |Li3-}i4 = 0. Where fi3 is the mean S-isoprostaglandins F2a level in 
embryos after in vi tro culture in teratogenic doses of glucose. 
And 1^4 is the mean 8-isoprostaglandins F2a level in embryos 
after in vi tro culture in teratogenic doses of glucose and 
sub-teratogenic doses of caffeine. 
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Section II: Research Designs and Methods 
Chapter 5: Materials and Methods 
5.1 Licenses 
The use of animals was approved by the Animal Research Ethics 
Committee of the Chinese University of Hong Kong (Reference Number 
99/011/MIS), and the project was carried out under personal license 
(Reference Number (96) in DHNTE 007/5 Pt. 20), accepted by the 
Department of Health, Hong Kong. 
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5.2 Overall Study Design 
This was an experimental study using a whole rat embryo culture model. 
Explanted rat embryos were culture under different concentrations of 
glucose and caffeine. The effects of different combinations of teratogens on 
the overall embryonic development were assessed by morphological 
scoring and the effect on free radical activities were measured 
biochemcially. The basis for choosing this model and methods w i l l be 
discussed in next Chapter. 
5.2.1 Whole Embryo Culture Model 
The whole embryo culture system was purposely established for the 
present project. It took the candidate more than 6 months to optimize the 
system and the fol lowing was the final protocols used for all experiments 
reported in this thesis. 
5.2.1.1 Animals 
Rats of an outbred strain of Sprague Dawley (SD) at gestational day 9.5 
were supplied by the Animal House of the Institute as the embryo donors 
for this study. Embryonic age was calculated f rom OO.OOh on the night of 
mating. After timed-mating, pregnant rats were caged in groups of four 
w i th other females at the same stage of pregnancy unt i l they were 
required for experimentation. To minimize environmental variance, all 
rats were fed a commercial guinea pig diet (Lab Diet, USA) and had access 
to food and tap water ad l ibitum. They were kept at an ambient 
temperature of l l ^ Q w i th a constant 9-hour l ight and 15-hour dark cycle. 
A total of 811 embryos, removed f rom 101 pregnant rats, were used for the 
generation of the final data presented in this thesis. 
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5.2.1.2 Explantation of Embryos and Serum Collection 
Pregnant rats were taken between 09.00 to 10.00 h on day 10 of gestation 
(i.e. 9.5 day old) and deeply anaesthetized w i th diethyl ether (Merck, 
Germany). Maintenance of anaesthesia was achieved by the use of a 
nose-cone. A liberal volume of 70% methanol (Merck, Germany) was 
poured over the abdominal wal l of the rats to prevent fur interfering w i th 
the subsequent dissection and to also assist in maintaining a clean surgical 
field. The abdominal wal l was gripped w i th toothed forceps and cutting 
were performed f rom the suprapubic area to the lateral'costal margins. 
The resulting abdominal wal l flap was reflected onto the thorax and the 
gut were pushed the right side of the abdominal cavity to exposure the 
retroperitoneal structures. The aorta was cleared f rom surrounding fat and 
connective tissue f rom the level of the renal arteries to just below the aortic 
bifurcation. Blood sample was taken using a 21G needle and syringe (DA 
Medicrat, Korea) at the aortic bifurcation. After blood withdrawal, uteri 
were removed f rom the rat and placed in a Petri dish containing Hank's 
balanced salt solution (Gibco BRL, USA) at room temperature. The heart 
of the rat was cut to ensure death and the animal was disposed according 
to our laboratory regulation. 
The explantation of conceptus was performed in Hank's Balanced Salt 
Solution at room temperature. Under a dissecting microscope (Olympus, 
Japan), w i th the use of ultra-fine forceps (Dumont, USA), the uterine walls 
were torn open and the decidua was separated f rom the conceptus and 
discarded. The Reichert membrane of each conceptus, together w i th its 
internally adherent parietal endoderm was opened along its length and 
stripped back to the ectoplacental cone. The embryos, w i th the amnion, 
visceral yolk sac and ectoplacental cone intact, were placed into culture 
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medium wi th in 2 hours after the start of anaesthesia of the mother rats. In 
order to minimize variations, only embryos w i th crown rump length of 1.5 
士 0.3 m m were used for the experiments 
5.2.1.3 Preparation of serum 
After collection, blood samples were immediately centrifuged (MSE, 
England) for 10 minutes at 3500 revolutions per minute to clear the plasma 
fraction of cells. The cell-free plasma was allowed to clot at room 
temperature and the clot thoroughly squeezed w i th forceps to release the 
serum. The tubes were then recentrifuged for 10 minutes at 3500 
revolutions per minute to separate the blood cells again, together w i th the 
collapsed clot. The clear serum supernatant was then decanted and pooled. 
The pooled serum was then heat-inactivated for 30 minutes at 56°C in 
water bath (Memmert, Germany) and either used immediately or stored 
at -20。C before use in culture. 
5.2.1.4 Culture Media 
The standard culture medium for each embryo was a mixture of 0.5 ml of 
rat serum and an 0.5 ml of Dulbecco's Modif ied Eagles Medium (DMEM) 
(Gibco BRL, USA). Penicillin G (Sigma, UK) and streptomycin sulfate 
(Sigma, UK) were added to culture media to f inal concentrations of 
60^g/ml and 100 |Lig/ml media, respectively. 
5.2.1.5 Embryo Culture 
Explants were cultured at 37。C in glass vessels attached to a 
rotating-bottle culture unit (BTC Engineering, UK) housed wi th in a 
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precision incubator (BTC Engineering, UK). The period of culture was 48 
hours. A maximum of 4 embryos w i th corresponding culture medium 
could be placed in 1 culture vessel. The culture vessels were rotated at a 
rate of approximately 60 revolutions per minute and were continuously 
aerated w i th 5% CO2； 5% O2 in 90% N2 for the first 24 hours of the 
experiment, 5% CO2； 20% O2 in 75% N2 for the next 8 hours and 5% CO2； 
40% O2 in 55% N2 for the remaining culture period. The switching of 
aerating gas was performed automatically by a timer-controlled system 
designed and assembled by the Engineering Department of the same 
institution. Gas mixtures were premixed commercially (Hong Kong 
Oxygen and Acetylene Co. Ltd., Hong Kong). 
5.2.2 Experimental Groups 
The present study design involves subjects of three major groups. 
The first major group is the hyperglycemic group. Embryos wi th in this 
group were further subdivided into smaller groups exposed to varying 
degree of hyperglycemic environment to demonstrate the 
dose-dependency of teratogencity of hyperglycemia. Embryos were 
randomly assigned to one of four study subgroups. Group 1 was the 
control group w i th a normal glucose concentration of 6.7 mmol /1 in the 
culture medium (1.2mg/ml) (Freinkel et al 1986). Embryos in Groups 2, 3 
and 4 were exposed to hyperglycemic environments w i th glucose 
concentration double (13.3 mmol/1), 4 times (26.7 mmol/1) and 8 times 
(53.4 mmol/1) of the normal level, respectively. 
The second group is the caffeine group. Again, various subgroups were 
designed to test the effects of increasing concentrations of caffeine as wel l 
as quantify the threshold teratogenic dose of caffeine. Again, embryos 
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were randomly assigned to one of the fol lowing groups: group 1, the 
control group w i th standard culture medium. Groups 2 to 6 were 
exposed to 10.0, 20.0. 30.0, 60.0 ,and 90.0 } ig /ml of caffeine respectively. 
In the last major group, combined effects of hyperglycemia and caffeine 
were tested. Different combined concentrations of caffeine and 
hyperglycemia were used for the testing. The subgroups were divided, 
based on the data obtained from hyperglycemic groups and the caffeine 
groups: Group 1 was the control group w i th standard culture medium. 
Groups 2-6 contained glucose at four-folded hyperglycemic level 
(13.3mmol/l). Groups 3 to 6 also contained 1, 2.5, 5 and 10 | i g /m l of 
caffeine respectively. 
Dur ing each experiment, embryos harvested f rom all rats were mixed 
together and randomly assigned to one of the experimental groups. This 
was to avoid the potential errors and variations due to differences 
between embryos f rom different subjects. 
5.2.3 Morphological Assessment 
Embryos were examined after 48 hours of culture at the equivalent of 11.5 
days of gestation, by a researcher who was not aware of the study group 
assignment. Mean yolk sac diameter and crown-rump length were 
measured. Embryonic morphologies were studied according to a standard 
morphological scoring system (Fabry et al, 1990), which gives a numerical 
score to 17 morphological features depending on their stage of 
development as followed: 
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Yolk Sac Circulatory system 
A score of 1 was given when there was no visible or scattered blood 
vessels on the yolk sac. A score of 2 was given to those wi th a corona of 
blood islands. A score of 3 was given when there were few yolk sac 
vessels on the yolk sac. Score 3 refers to the ful l plexus of yolk sac vessels 
w i th origins of vitelline artery and vitelline vein still widely separated. A 
score of 4 was given when the origins of the two vitelline vessels migrated 
closer to each other. A score of 5 was given when two vitelline vessels 
separated from each other distally and yolk stalk became narrow and 
obliterated. 
Allantois 
When the allantois was free in the exocoelom, a zero score was given. 
When the allantois fused wi th chorion, and, at the same time, the chorion 
showed no visible organization, a score of 1 was given. A score of 2 was 
given to those where rudiments of two vessels appeared in the allantois as 
an elongated condensation and showed no circulation. A score of 3 was 
given to those w i th umbilical circulation just established. A score of 4 was 
given when separate aortic origins of umbilical and vitelline vessels were 
visible. 
Flexion 
A score of 0 was given to those w i th ventral convex flexion. A score of 1 
meant embryos w i th posterior end rotation. A score of 2 meant embryos 
w i th head and tail folds. A score of 3 was achieved when there was 
mid-trunk region rotation. Scores of 4 and 5 refered to dorsal c-shaped 
convex flexion and dorsal convex wi th spiral torsion, respectively. 
Heart 
A score of 0 was given when the endocardial rudiment was not visible. A 
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score of 1 meant the heart rudiment was visible as a horsehoe-like 
thickening of mesoderm surrounding the front end of the embryo but no 
heart beat was noticed. A score of 2 meant there was a beating s-shaped 
cardiac tube. A score of 3 referred to convoluted cardiac tubes. Scores of 4 
and 5 were hearts wi th a 3-chamber appearance and 4-chamber 
appearance, respectively. 
Caudal neural tube 
Flat neural plates were attributed to a zero score. A score of 1 was given 
for a closing but unfused neural fold. Scores 2 and 3 were given to fused 
neural folds and opened, but formed, posterior neuropore. Scores of 4 and 
5 were closing and closed posterior neuropores, respectively. 
Hindbrain 
Again, a flat neural plate gained a zero score, but if neural folds had a 
v-shape in tangential view, they scored 1. A score of 2 was given when the 
edges of the monoencephalic folds were closer to each other and had a 
u-shape in the tangential view. A score of 3 meant part of the folds had 
fused and the anterior neuropore was formed but open. Scores of 4 and 5 
were for those wi th anterior neuropore closed but rhomencephalon 
formed, and for pronounced pontine flexion w i th transparent roof of 4出 
ventricle, respectively. 
Midbrain 
A flat neural plate gained a zero score. A score of 1 was given to 
proencephalic brain folds wi th a v-shape in tangential view. A score of 2 
was given to those where the edges of the prosencephalic folds were closer 
to one other and had a u-shape in tangential view, but no fusion of folds 
had occurred in any part of the prosencephalon. A score of 3 was given for 
partially fused prosencephalic folds. A score of 4 was given to a 
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completely fused prosencephalon and the embryos presented a rams head 
when viewed laterally. Scores of 5 and 6 were given if the embryo 
presented terlencephalic evaginations in the front view wi th fissura 
telencephalia in the lateral view, and for well elevated telencephalic 
hemispheres, respectively. 
Forebrain 
A flat neural tube scored 0. A score of 1 represented neural folds which 
had a v-shape in tangential view. A score of 2 was given when the edges 
of the mesencephalic folds were closer to each other and had a u-shape in 
the tangential view, whilst no fusion of the folds had occurred in any part 
of the mesencephalon. Scores of 3 and 4 represented partially fused and 
completely fused mesencephalic folds, respectively. A score of 5 was given 
if the forebrain showed a visible division between mesencephalon and 
diencephalon. 
Otic System 
When there was no sign of otic development, a zero score was given. 
Scores of 1 and 2 were given to flattened or indented otic pr imordium and 
otic pit respectively. A score of 3 was given for a closed otic vesicle which 
was not yet separated from epidermis. When the otic vesicle completely 
separated from epidermis, a score of 4 was given. A score of 5 and 6 were 
given to otocyst w i th dorsal recess and w i th endolymphatic duct, 
respectively. 
Optic System 
When there was no sign of optic development, a zero score was given. 
Scores of 1 and 2 were given to a sulcus opticus and elongated optic 
pr imordium respectively. A score of 3 was given to an ovid optic 
primordium. A score of 4 was given for a primary optic vesicle w i th open 
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optic stalk while a score of 5 was given for an indented lens plate. 
Branchial Bars 
A score of 0 meant no branchial bar was visible. Scores of 1, 2, 3, and 4 
were gained when one, two, three, or four branchial bar(s) was/ were 
visible. 
Forelimb 
A score of 0 meant no sign of forelimb development. A score of 1 was 
given when distinct evagination of the Wolfian crest was visible at the 
level of somites 9-13. Scores 2, 3 and 4 refered to a fore l imb bud, a paddle 
shaped forelimb bud and a distinct apical ridge on a forelimb bud, 
respectively. 
Hindlimb 
A score of 0 meant no sign of hindlimb development. A score of 1 was 
given when distinct evagination of the Wolfian crest was visible. Scores 2 
and 3 refered to a hindlimb bud and a paddle-shaped hindl imb bud, 
respectively. 
Somite 
A score of 0 was given when there were 0 to 5 somites countable. 
Similarly, scores 1, 2, 3, 4 and 5 were given when there were 6 to 10,11 to 
15,16 to 20, 21 to 25 and 26 to 30 somites countable. 
Embryos and yolk sac after examination, and the corresponding culture 
medium, were frozen at -SOC for further assay. 
36 
5.2.4 Quantitation of Oxidative Stress 
The concentration of 8-isoprostaglandin F2a in the embryo and yolk sac 
were measured as indicators of oxidative stress. Before performing this 
assay, the samples had been snap frozen in l iquid nitrogen and stored 
at -80oC so as to prevent any in vitro generation of 8-isoprostaglandin F2a. 
Assays were performed wi th in six months of samples collection. The 
extraction, hydrolysis and purifications methods described by Bligh and 
Dyer (1959) and Morrow et al (1990) were used to determine the total 
amount of 8-isoprostane in embryos since most of the 8-isoprostaglandin 
F2a were esterfied in lipids. Assay of the post-culture culture medium was 
also performed during the initial phrase of the study but was 
subsequently abandoned (please refer to Chapters on Results and 
Discussion for details.) 
Each embryo or yolk sac was separately homogenized by a polytron type 
homogenizer in 1 ml ethanol for isoprostane extraction (Merck, Germany), 
and the sample was vortexed for 2 minutes, stored at A^C for 5 minutes, 
then centrifuged at 3000 revolutions per minute for 10 minutes. After this 
step, the supernatant containing 8-isoprostane was sent for further 
processing as described below, while the precipitated protein would be 
frozen at -20oC unti l protein assay, which w i l l be discussed in section 5.5. 
To the supernatant, 1ml of 15% potassium hydroxide (Merck, Germany) 
was added and the sample was incubated at for 1 hour. The solution 
was then diluted to a total of 10ml w i th Ultra Pure water (Mi l l i Q Plus; 
Mil l ipore, Sweden) and the p H was lowered below 4.0 w i th 500|il 5N 
Hydrochloric acid (Merck, Germany). The sample was passed through a 
C-18 Reverse Phase Cartridge (Sep-Pak Vac, USA) pre-conditioned by 
rinsing w i th 5 ml methanol (Merck, Germany) fol lowed by 5ml Ultra Pure 
water. The cartridge was rinsed w i th 5ml Ultra Pure water fol lowed by 
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5ml of HPLC-grade hexane (BDH, England), and the absorbed 
8-isoprostaglandin F2a was subsequently eluted f rom the column wi th 5 
ml ethyl acetate (Lab Scan, Thailand) containing 1% methanol. The ethyl 
acetate was then evaporated f rom the 8-isoprostaglandin F2a samples 
under nitrogen gas (Hong Kong Oxygen and Acetylene Co. Ltd., Hong 
Kong). Thereafter, 1 ml of EIA buffer was added to re-dissolve the 
8-isoprostaglandin F2a. Amounts of 8-isoprostaglandin F2a were then 
measured by an EIA Ki t (Cayman Chemical Co., Australia). The samples 
were added to the wash buffer pre-rinsed EIA plate w i th equal volume of 
tracer and antiserum. After 18 hours of incubation at room temperature, 
the plate was washed by wash-buffer five times. And developed by 
adding 200^1 Ellman's reagent shaken w i th an orbital shaker (Scientific 
Industries, New York) for 90 minutes in darkness. Finally, the plate was 
analyzed in a spectrophotometric plate reader (Bio-Tek Instrument, Inc) at 
405nm wavelength. 
Regarding the plate set up, each 96 well EIA plate contained a min imum 
of two blanks (B), two non-specific binding wells (NSB), two maximum 
binding wells (Bo), two quality controls (QC) and an eight point standard 
curve. Blanks (B) represent background absorbance caused by Ellman's 
reagent. Ellman's reagent has some measurable absorbance. Thus, the 
purpose of blanks set in each plate is for setting a background absorbance 
value which is substracted f rom the absorbance readings of all the other 
wells. Non-specific binding (NSB) means non-immunological binding of 
the tracer to the well. Even in the absence of specific antibody a very small 
amount of tracer still binds to the well. The non-specific binding is a 
measure of this low binding. Maximum binding is the maximum amount 
of the tracer that the antibody can bind in the absence of free analyte while 
the total activity wel l is to measure the total enzymatic activity of the 
acetylcholinesterase-linked tracer. This is analogous to the specific activity 
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of a radioactive tracer and is achieved by adding an additional 5 |il tracer 
to the wel l in the plate-development step. Quality control wells contain 
known amounts of 8-isoprostane. Every quality control sample passed 
through the same steps as the ordinary test samples. Quality control wells 
act as indicators for the accuracy of the experiments. The eight point 
standard curve includes known amounts of 8-isoprostane in decreasing 
concentrations: 500 ng /ml , 250 ng /m l , 125 ng /m l , 62.5 ng /m l , 31.3 ng /m l , 
15.6 ng /m l , 7.8 n g / m l and 3.9 ng /ml . These act as reference values for the 
predictions of amounts of 8-isoprostane in test samples. For pipetting 
reagents, 50 8-Isoprostane antiserum was added to each wel l except the 
Total Activity, the Non-Specific Binding, and the Blank wells. 
8-Isoprostaglandin F2a Tracer was also added in volumes of 50 to each 
well except the Total Activity and the Blank wells. 50 ^il samples or 
standards were added to sample wells and standard wells accordingly. 
Thus, the total volume of each well was 150 [ i l 
The final step was to converting the absorbance values into concentration 
values. This was achieved by averaging the absorbance readings from the 
NSB wells and f rom the Bo wells, and substracting the NSB average from 
the Bo average to get the corrected Bo or corrected maximum binding. 
Then, the %B/Bo was calculated for the remaining wells. To do this, the 
average NSB absorbance was substracted f rom the standard 1 absorbance 
and divided by the corrected Bo and mult ipl ied by 100 to obtain %B/Bo, 
the step was repeated for the remaining standard and all sample wells. 
o/oB/Bo for standards was plotted for against 8-Isoprostane concentrations. 
The %B/Bo value was for each sample and the concentration of each 
sample determined by identifying the %B/Bo on the standard curve and 
reading the corresponding values on the x-axis. 
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5.2.5 Protein Assay 
Protein assay was carried out to assess the total protein content of each 
embryo and yolk sac. The method used is a modification of the technique 
developed by Lowry (Lowry et al 1951). 
1 ml I M sodium hydroxide (Merck, Germany) was added to each 
Eppendorf tube containing an embryo or yolk sac which had been 
isoprostane extracted and/ or morphologically scored. The tube was then 
incubated for 2 hours at 37«C (Memmert, Germany), and whir l imixed 
before and after the incubation. 145 |li1 3M hydrochloric acid (Merck, 
Germany) was added and whir l imixed again. Two 0.5 ml aliquots of each 
sample were pipetted into test tubes. 2.5 ml Folin A solution containing 1 
ml 1% copper sulphate solution (Merck, Germany), 1 ml sodium tartrate 
solution (Sigma, UK) and 100 ml 2% sodium carbonate solution (Merck, 
Germany) was added and left at room temperature for 20 minutes. 0.25 ml 
Folin B reagent w i th Folin Ciocalteu's reagent (Merck, Germany) in water 
was added, whir l imixed immediately, and incubated at room temperature 
for 45 minutes. Standards and samples were read on a UV/V is 
spectrophotometer at 750 nm. 
For the standard curve 10, 20, 30, 40 and 50^1 of 5mg BSA (Sigma, USA) 
were each made up to 1 ml w i th I M sodium hydroxide and the same steps 
were carried out as those performed for the test samples. Graphs were 
plotted w i th the protein concentration against the read absorbance at 
750nm (Beckman, USA) to give a straight line. The relationship is linear 
and therefore, the protein content of the dissolved embryo and yolk sac 
could be calculated. 
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5.3 Statistical Evaluation 
Between group differences were compared using the Kruskal-Wallis tests 
and Dunnet's post hoc t-tests as appropriate. A value of p < 0.05 was 
considered to denote statistical significance. A l l analyses were performed 
using the Statistical Package for Social Sciences for Windows version 10.0 
(SPSS Inc, Illinois, USA). 
41 
Chapter 6: Laboratory Considerations 
6.1 Whole Embryo Culture Model 
For obvious ethical and legal reasons, we cannot perform in vitro or in 
vivo experiments on human embryos. We decided to use an in vitro rather 
in vivo model because the former approach enabled the total and precise 
control of the experimental environment so that variation could be 
minimized. We have therefore adopted the whole embryo culture model 
as described by New (1978), which enable the culture of rodent conceptus 
throughout the period of early organogenesis in vitro, for the current study. 
Using this model, the growth and differentiation of the cultured conceptus 
has been confirmed to be the same as that observed in utero. Such systems 
have been used to investigate the mechanisms of toxicity of many 
teratogens. 
6.1.1 Subjects 
Sprague Dawley rats were chosen as embryo donors. The Sprague Dawley 
strain has been accepted widely as a dependable and general-purpose 
research animal in virtually all disciplines of biomedical research, 
including toxicology and pharmacology for its outbred property. Embyos 
were explanted, cultured and studied between 9.5 to 11.5 days of gestation, 
which is the critical period for organogenesis. 
6.1.2 Time Mating 
The present model demands embryos at specific embryonic ages- day 9.5. 
Thus, the ability to accurately determine the gestational age of the Sprague 
Dawley embryos is extremely critical. We have adopted a simple and 
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reliable method to estimate mating and conception: the examination of 
vaginal plug. 
The ovaries, uterus and vagina of female rats go through regular cyclic 
changes, which last for 4 to 6 days. The changes in the vagina are 
accompanied by changes in the superficial cells of this organ which are 
easily recognizable in smears, made by inserting a moistened wire loop a 
short distance into the vagina and the rubbing it on a glass slide. The slide 
is then stained and examined microscopically. The oestrus cycle may be 
divided into 4 stages: The first 12 hours is the pro-oestrus stage in which 
epithelial cells are the typical cells found in vaginal smears. This phase is 
fol lowed by the 27-hour oestrus stage. Ovulation, and conception if mated, 
usually occur dur ing second half of this stage. The typical superficial cells 
in vaginal smear in this stage are cornified cells. The third stage is the 
16-hour metoestrus in which leucocytes together w i th some epithelial and 
cornified cells are found on smears. The last phase is the anoestrus stage, 
or resting stage, and lasts for 53 hours. Leucocytes and some epithelial 
cells can be seen under microscopic examination of the smears. Rats at this 
fertile period were placed w i th a partner for time-mating. 
When mating occurrs, thread-like spermatozoa w i l l be found in the 
vaginal smear, usually in large numbers. Spermatozoa persist in the 
vagina for some hours after mating, eventually degenerating to a granular 
residue. Mating usually results in the formation of a f i rm vaginal plug. 
Since rats dur ing the ovulatory period is very fertile, mating usually 
fol lowed by pregnancies. Therefore, the onset of pregnancy was assumed 
to coincide w i th the appearance of spermatozoa in a vaginal smear at the 
correct stage of the oestrus cycle. Gestational age is measured f rom the 
time of conception, which marks the beginning of gestational day 1. 
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6.1.3 Culture Medium 
The most reliable medium for the culture of rat embryos was pure rat 
serum. It makes no difference whether the serum-donating rats are males 
or pregnant or non-pregnant females. Also, their ages or strain are not a 
major concern. The most important criteria is that the rats must be healthy. 
This is by far the best media for explanted embryos, and has been widely 
used in laboratories throughout the wor ld for both rat and mouse cultures 
(Cockroft 1991). However, the use of pure rat serum implied that many 
more rats have to be scarified just for serum donation because it was 
diff icult to recover enough volume of serum f rom a pregnant rat to 
support the culture of all embryos harvest f rom the same rat (since 
culturing of 1 embryo requires 1 ml of serum). A more economic and 
acceptable alternative is to use 50% of rat serum w i th 50% of defined 
medium, (DMEM- Dulbecco's modif ied eagle media) composed of 
gluocose, L-glutamine, pyridoxine hydrochloride and pyruvate. Further 
di lut ion w i th medium gave more variable result (Cockroft 1991). To 
minimise the use of animal, I have therefore decided to use a culture 
mixture of equal parts of serum and medium. 
It is known that immediate-centrifuged sera support better growth than 
delayed-centrifuged sera. The harmful properties of delayed centrifuged 
serum are probably due to products of normal clotting process, although 
the precise mechanism is still unknown (Steele & New 1974, Klein et al 
1978). 
Heat-inactivation of rat serum at 56oC for 30 minutes is an important step. 
It improves its capacity to support embryonic growth. Total protein 
synthesis by the embryo is increased and the frequency of abnormalities of 
the heart, neural tube, allantois and embryo posture is reduced (Steele & 
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New 1974; New et al 1976). The sub-optimal development of embryos in 
untreated serum may result f rom a complement-dependent immune 
reaction between maternal antibodies and embryonic tissue because the 
natural barrier of Reichert's membrane and trophoblast were opened for 
the current experiment (Billington & Jenkinson 1975; Jensen et al 1975; 
Jensh et al 1977). 
Supplementation of the medium wi th appropriate antibiotics, penicillin 
and streptomycin, is also important for the prevention of infections during 
experimental procedures. 
6.1.4 Gas Phase and Rotating Bottle Culture Method 
The oxygen content of the gas phase of the culture must be adjusted 
according to the stage of development of the embryos. For embryos of less 
than 10 somites, best results are obtained w i th 5-10% oxygen. This is 
equivalent to oxygen pressures found in the uterine vein and artery 
(Comline & Silver 1975; Yochim 1975). This is raised to 20-40% for 
embryos of 10-25 somites (New et al 1976). A l l the gas mixtures contain 
5% CO2 w i th the balance provided by nitrogen (New 1992). Thus, for our 
48-hour culture, in the first 24 hours, 5%〇2; 5%C〇2; 90%N2 were be used. 
In the next 8 hours, the gas phase was adjusted to lOXOi； 5%C〇2; 75%N2, 
followed by 40%02； 5%C〇2; 55N2 in the remaining 16 hours of culture. 
It is possible to maintain the correct gas phase by intermittent aeration of 
air-tight culture vessels which are placed in rotating incubators to ensure 
good equil ibrium of the culture medium. However, the rotating-bottle 
culture unit (BTC Engineering, UK) was used in this study. This system 
has a central hol low rotating disk to which culture chambers / vessels are 
fixed to horizontally through silicone rubber bungs (Kochhar 1975; 
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Deuchar 1976). The disk revolves at a rate of 30-60 revolutions in each 
minute throughout culture period. Revolution is driven externally by an 
electric motor. linside this hollow rotating disk are ducts through which 
the oxygenating gas mixture circulates round the cavity of the disk and 
hence the culture chambers (New and Cockroft 1978). In order to ensure 
the smooth circulation of the oxygenating gas, the whole apparatus is a 
closed system, and any gas-loss is prevented by grease or w i th bungs. As 
for the gas flow rate, a few mill i l iters per minute is adequate. The entire 
rotator is made from aluminium and can be sterilized in a dry oven 
without dismantling. As for the glass rotating bottles, they can also be 
sterilized at high temperature. 
The advantage of this rotating culture system are: 1) the continuous f low 
of filtered and humidif ied oxygenating gas ensures a stable O2 and CO2 
composition and thus maintains a stable p H in the medium; 2) the 
continuous rotation of culture bottles ensures gas exchange between the 
culture medium and the gas phrase; 3) the gently swir l ing of the medium 
about the explants assists their respiration (New 1992); and 4) w i th the 
purpose-made automatic timer-switch, it ensures that the correct mixture 
of gas dur ing different culture period is used. 
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6.2 Quantif ication of Oxidative Stress 
6.2.1 8-isoprostaglandin F2a as a Marker 
Direct measurement and quantification of free radical activity is diff icult 
because of their extremely short half-lives. Free radical activity is directly 
related to the degree of tissue damage and therefore the level of product 
so generated. These products or metabolites are more stable then free 
radicals themselves and are therefore could be used as indicator of the 
degree of oxidative stress. However, most methods previously available to 
assess oxidant stress lacked sensitivity and specificity and are therefore 
unreliable (Hal l iwel l & Grootveld 1987). 
Isoprostanes, a family of eicosanoids, are a group of chemically stable 
compounds which are specific products f rom the reactive oxygen 
species-driven peroxidation of arachidonic acid residues in lipids, 
independent of the cyclooxygenase enzyme pathway (Morrow et al 1990). 
The notion that prostaglandin like compounds could be generated in vi tro 
and in v ivo non-enzymatically as products of autoxidation of fatty acids 
was actually first demonstrated over 20 years ago by autoxidation of 
plasma arachidonic acid in vi t ro dur ing storage (Pryor et al 1976; Mor row 
et al 1990). Abstraction of hydrogens of arachidonic acid by free radicals 
leads to the formation of the three arachidonoyl radicals. Subsequent 
attack by O2 results in formation of four peroxyl radical derivatives of 
arachidonic acid. These peroxyl radical derivatives then undergo 
endocyclization fol lowed by further addit ion of O2 to fo rm PGG2-like 
cyloendoperoxides. Reduction of these PGG2-like compounds results in 
the formation of PGF2-like compounds. Depending on the location of the 
peroxyl radical derivatives of arachidonic acid, four regioisomers are 
formed. Each of these regioisomers can be theoretically comprised of eight 
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racemic diastereomers. Since these compounds contain the F-type 
prostane r ing and are isomeric to PGF2a, derived from the 
cyclooxygenase enzyme, they have been termed F2-isoprostane (Roberts & 
Morrow 1994). 
A t least one of the isoprostanes, 8-isoprostane (8-isoprostaglandin F2a), 
has been shown to have biological activity. There are growing evidence 
that 8-isoprostaglandin F2a are stable products of free radicals and 
therefore have been considered to be reliable markers of oxidative stress 
(Awad et al 1996; Roberts & Morrow 1994). Al though some food does 
contain isoprostane, recent studies suggest that the amount present is 
insufficient to alter plasma levels even on the assumption that all the 
isoprostanes could be absorbed. I have therefore chosen 
8-isoprostaglandin F2a assay as the indicator of oxidative stress for this 
study. 
6.2.2 Assay for 8-isoprostaglandin F2a 
6.2.2.1 Enzyme Immunoassay versus Gas Chromatography/ Mass 
Spectrometry 
One of the ways to measure isoprostanes is a negative ionization Gas 
Chromatography/ Mass Spectrometry (GC/MS) assay. This method is 
highly sensitive w i th a lower l imit of detection in the low picogram range 
and is highly accurate. Measurement of esterified levels of isoprostanes in 
tissues is accomplished by measurement of free compounds fol lowing 
alkaline hydrolysis of a l ip id extract of tissue (Morrow & Roberts 1994). 
However, the mass spectrometric method of assay is highly labor 
intensive dur ing the sample purif ication process. The instrument is 
expensive and i t is costly to maintain. This method is therefore not 
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widely used in the scientific research. Recently, a number of enzyme 
immunoassays (EIA) have been developed and become commercially 
available, making the measurement of isoprostanes available to many 
more investigators (Proudfoot et al 1999; Wang et al 1995). I have therefore 
chosen the EIA method for the assay of 8-isoprostaglandin F2a. 
EIA assay is based on the competition between 8-isoprostane and a 
8-isoprostane-acetylcholinesterase conjugate (8-isoprostane tracer) for a 
l imited amount of 8-isoprostane polyclonal antiserum. Because the 
concentration of the 8-isoprostane tracer is held constant while the 
concentration of 8-isoprostane varies, the amount of 8-isdprostane tracer 
that is able to bind to the 8-isoprostane polyclonal antiserum w i l l be 
inversely proportional to the concentration of 8-isoprostane in the well. 
This antibody-8-isoprostane complex binds to a mouse anti-rabbit IgG 
monoclonal antibody that has been previously attached to the well. The 
plate is washed to remove any unbound reagents and then Ellman's 
Reagent (which contains the substrate to acetylcholineseterase) is added to 
the well. The product of this enzymatic reaction has a distinct yellow color 
and absorbs l ight strongly at wavelength of 412nm. The intensity of this 
color, determined spectrophotometrically, is proportional to the amount of 
8-isoprostane tracer bound to the well, which is inversely proportional to 
the amount of free 8-isoprostane present in the wel l dur ing the incubation. 
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Section III: Results 
Chapter 7: Results 
7.1 Justifications of Methods of Statistical Analysis 
Our data, which had been estimated using Blom's method, was not 
normally distributed. Transformation of original data using logarithm, 
square root, exponential or square failed to yield a data set w i th normal 
distribution. Thus, the statistical analysis method used in this thesis to 
determine differences among groups was the ‘ nonparametric 
Kruskal-Wallis test, fol lowed by the Least Significant Difference (LSD) test. 
The LSD test acts as a post-hoc test here to do pair wise comparisons 
between two groups. The trend analysis for these nonparametric data, was 
performed by using the nonparametric Spearman correlation which gives 
correlation coefficients as well as the correlation significance. 
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7.2 Effects of Hyperglycemia on Early Embryogenesis 
7.2.1 Effects of Hyperglycemia on Morphological Development 
There were totally 4 groups in this part of study. Based on studies 
performed by Norbert et al (Norbert et al 1986), a min imum sample size of 
39 embryos in each group is required to detect a significant reduction in 
morphological scores under hyperglycemic condition. The final sample 
size for the control group, two-fold hyperglycemic group, four-fold 
hyperglycemic group and eight-fold hyperglycemic group were 48, 47, 41 
and 41 respectively. 
The findings of morphology scores of embryos are summarized in Table 1 
and Table 2. Figure 1 to figure 4 are images of embryos after culture under 
different glycemic environments. Our data confirmed previous findings 
(Freinkel et al 1996; Reece et al 1998) that embryos cultured in higher 
glucose concentrations demonstrate significant more malformations 
compared to those cultured under normal conditions. This different 
applied to all morphological features assessed, including the number of 
somites, crown rump length and mean yolk sac diameter. Our data also 
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Graph 1. Scatter plot of total morphology scores in different glucose 
levels. Embryos cultured in groups 1 to 4 wi th glucose concentrations of 
6.67mM, 13.30mM, 26.70mM and 53.40mM, respectively. 
Figure la. 
Embryo after 48 hours of culture in standard culture medium wi th 
normoglycemic level (6.67 mmol /1 D-glucose). E, EA, BB, H, and S 
represent eye, ear, branchial bar, heart, and somite respectively. 
Figure lb . 
Embryo and its yolk sac after 48 hours of culture in standard culture 
medium w i th normoglycemic level (6.67 mmol /1 D-glucose). YS and EC 
represent yolk sac and ectoplacental cone. Interval of scale bar = 1mm. 
Figure 2a. 
Embryo after 48 hours of culture under 2-fold hyperglycemic condition 
(1330 mmol /1 D-glucose). E, BB, H, FL, and EA represent eye, branchial 
bar, heart, forelimb, and ear respectively. 
Figure 2b. 
Embryo and its yolk sac after 48 hours of culture under 2-fold 
hyperglycemic condition (13.30 mmol /1 D-glucose). YS and EC represent 
yolk sac and ectoplacental cone. Interval of scale bar = 1mm. 
Figure 3. 
Embryo after 48 hours of culture under 4-fold hyperglycemic condition 
(26.70 mmol /1 D-glucose). E, BB, H, EA, and CNT represent eye, branchial 
bar, heart, ear and caudal neural tube respectively. 
Figure 4a. 
Embryo after 48 hours of culture under 8-fold hyperglycemic condition 
(53.40 mmol /1 D-glucose). EA, H, BB, and E represent ear, heart, branchial 
bar, and eye respectively. 
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Figure 4b. 
Embryo and its yolk sac after 48 hours of culture under 8-fold 
hyperglycemic condition (53.40 mmol /1 D-glucose). EC and YS represent 







































































































































7.2.2 Effects of Hyperglycemia on Production of 8-isoprostaglandin F2a 
In embryos and yolk sacs 
It was postulated that biochemical changes under different conditions, 
such as the changes of 8-isoprostaglandins F2a, should be more profound 
that morphological changes. Therefore, a smaller sample size may be 
adequate to detect such differences. Based on previous reported 
experiments (Wentzel et al 1999), 7-10 embryos f rom each experimental 
group would be adequate for the quantification of oxidative stress. 
10 embryos were randomly selected f rom each of the experimental groups 
(control group, two fold hyperglycemic group, four fold hyperglycemic 
group and eight fold hyperglycemic group) and were subjected to 
8-isoprostaglandins Via extraction and assay. The unit expressed was the 
amount of isoprostane in picograms per unit length of embryo in 
millimeters (crown rump length). The 8-isoprostaglandins F2a 
concentrations of the corresponding yolk sacs f rom these 10 embryos were 
similarly measured, and the unit expressed was the amount of isoprostane 
in concentration of picograms per unit length of mean yolk sac diameter. 
Results for this part of the study are shown in Table 3. 
Our data showed that both embryos and yolk sacs overproduce 
8-isoprostaglandins F2a, per unit length, under increasing glucose level 
conditions. These increases were significant by Kruskal-Wallis test. 
According to the nonparametric Spearman correlation test, there was a 
significant reverse correlation (p=0.007) between concentrations of 
8-isoprostaglandin F2a produced in embryos and the total developmental 
morphology scores of the embryos, w i t h a correlation coefficient 
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was -0.418. Similar relationship was also observed between the yolk sac 
8-isoprostaglandins F2a concentration and the total morphology scores of 
embryos (Spearman correlation of -0.519, ；7=0.001). 
In culture medium 
We have collected all culture media immediately after 48-h in vitro culture 
and stored them at -78°C unti l assayed. Since every 2 to 4 embryos of the 
same group would be chambered in the same culture bottle during 
experiment, throughout the experiment, we had 18,18,16 and 17 bottles of 
culture media for control group, two-fold hyperglycemic group, four-fold 
hyperglycemic group, and eight-fold hyperglycemic group, respectively. 
Unlike that w i th yolk sacs or embryos, no statistically significant 
difference in 8-isoprostaglandin F2a levels could be detected in the culture 
media between groups (Table 3). Based on these data, we conclude that 
culture media are not reflective of oxidative stress of embryos during 
culture. The range wi th in every group was also unacceptably large. We 
thought that the most plausible reason was as follow. Rats were 
anesthetized before sera were collected. There was possibly a large 
difference in the degree of oxidative stress dur ing the process of 
anesthesia, and as a result, a large difference in isoprostane levels between 
different rat sera samples. These inherent differences could have masked 
any potential difference contributed by different culturing environment 
between the experimental groups. Therefore, assay of culture medium was 









































































































































































































































































































































































































7.2.3 Effects of Hyperglycemia on Total Protein Content 
A l l samples of embryos and yolk sacs after culture were used. Some 
sample were lost dur ing the experimental procedures. Therefore, the 
sample sizes for embryos were not the same as that for yolk sacs. The 
exact sample sizes for each group were shown in Table 4. 
As shown in Table 4, there was no difference between different 
experimental groups in total protein content in either the embryos or the 
yolk sacs. However, there were direct and positive relationships between 
total embryonic protein contents and total morphology scores by 
Spearman correlation (p <0.01, r2=0.319), and between total embryonic 
protein contents and embryonic crown rump length (p <0.01, 0.341). 
Similarly, there were significant and positive correlations between yolk 
sac protein contents and total morphology score (p = 0.042, 0.155), and 


















































































































































































































































































































7.3 Effects of Caffeine on Early Embryogenesis 
7.3.1 Effects of Caffeine on Morphological Development 
There were totally 6 groups in this part of study: the experimental control 
group, the lO^ig/ml caffeine group, the 20|Lig/ml caffeine group, the 
30^g/ml caffeine group, the 60|Lig/ml caffeine group, and the 90^g/ml 
caffeine group. Similar to the experiment w i th hyperglycemia, we aimed 
for about 40 embryos per experimental group. Since there were only 30 
embryos available for experiment each time, it was decided to split this 
part of study into two stages so that the number of embryos in each group 
during any experiment would not be too few _ the first trial distributed 
embryos to either control group, 30叩 /m l caffeine group, 60叩 /m l 
caffeine group and 90 jL ig /m l caffeine; the second trial was to distribute 
embryos to either control group, lO^ig/ml caffeine group and 20ng/ml 
caffeine group. The first part aimed at testing the effect of high caffeine 
concentration, while the second part aimed at lower caffeine concentration. 
Therefore, the number of embryos in the control group was approximately 
twice that of the other experimental groups. Ultimately, we had 92, 42, 40, 
46, 48 and 34 embryos in the control group, the lO^g /m l caffeine group, 
the 20^g/ml caffeine group, the SO^ig/ml caffeine group, the 60^g/ml 
caffeine group and the 90ng/ml caffeine group respectively. Since the 
results of the control groups between the two trials were similar, data 
were pooled together for data analysis so that between group comparisons 
would be easier to appreciate. 
Morphology scores were summarized in Table 5 and Table 6. Figures 5 to 
9 are images of embryos subjected to different doses of caffeine. Our data 
showed that there were significant between group differences in all 
morphological features assessed, including size of the yolk sac and 
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embryo, total morphological score and all individual morphological scores. 
Specifically, virtually all morphological features assessed were 
significantly smaller or lower when exposed to 60| ig/ml of caffeine or 
above. On the other hand, there was virtually no difference between the 
control group and those exposure to caffeine up to 20|ig/ml. It therefore 
appeared that threshold teratogenic dose of caffeine was around 60|ig/ml. 
However, size of yolk sac and number of somites seemed to be more 
vulnerable because they showed significant reduction in size and number 
respectively at a caffeine dose of 30|ig/ml. 
For the second part of the present study, we d id not assay or quantify 
8-isoprostaglandin F2a levels. We consider that such assay was 
unnecessary because if caffeine does act as antioxidant, its 
8-isoprostaglandin F2a levels would be lower than that of baseline levels 
(control cases). Technically, it wou ld be diff icult to detect isoprostane 
levels lower than 3.0 p g / m l (the baseline levels in control group based on 
the hyperglycmia experiment). Furthermore, the result of this assay would 
not provide extra information for the hypothesis to be test i.e. caffeine as 
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Graph 2. Scatter plot of total morphology scores in different 
caffeine concentrations. Where group 1 is control group. Embryos 
in groups 2 to 6 subjected to caffeine concentrations of lO^ig/ml, 
20|ag/ml, 30|ag/ml, 60|Lig/ml and 90|Lig/ml, respectively 
Figure 5. 
Embryo after 48 hours of culture in standard culture medium. EA, H, S, 
HL, BB, E, and FB represent ear, heart, somite, hindlimb, branchial bar, 
eye, and fore brain respectively. Interval of scale bar = 1mm. 
Figure 6a. 
Embryo after 48 hours of culture in 10 j i g /m l caffeine. E, BB, EA, H, and 
H L represent eye, branchial bar, ear, heart, and hindl imb respectively. 
Figure 6b. 
Embryo and its yolk sac after 48 hours of culture in 10 | ig/ 'ml caffeine. EC, 
YS, and A represent ectoplacental cone, yolk sac, and allantois respectively. 
Interval of scale bar = 1mm. 
Figure 7a. 
Embryo after 48 hours of culture in 20 ^ ig/ml caffeine. EA, H, FL, S, BB, 
and E represent ear, heart, forelimb, somite, branchial bar, and eye 
respectively. 
Figure 7b. 
Embryo and its yolk sac after 48 hours of culture in 20 | i g /m l caffeine. YS 
and EC represent yolk sac and ectoplacental cone. Interval of scale bar = 
1mm. 
Figure 8a. 
Embryo after 48 hours of culture in 30 |ag/ml caffeine. E, FB, CTN, BB, H, 
S, and EA represent eye, forebrain, caudal neural tube, branchial bar, heart, 
somite, and ear respectively. 
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Figure 8b. 
Embryo and its yolk sac after 48 hours of culture in 30 ^ ig/ml caffeine. YS 
and EC represent yolk sac and ectoplacental cone respectively. Interval of 
scale bar = 1mm. 
Figure 9a. 
Embryo after 48 hours of culture in 60 ^ g / m l caffeine. HB, EA, S, H, BB, 
and E represent hindbrain, ear, somite, heart, branchial bar, and eye 
respectively. 
Figure 9b. 
Embryo and its yolk sac after 48 hours of culture in 60 | i g /m l caffeine. EC, 
YS, and A represent ectoplacental cone, yolk sac, and allanotis respectively. 




















































































































































7.3.2 Effects of Caffeine on Total Protein Content 
A l l the samples harvested from culture were subjected to protein assay 
and the results are shown in Table 7. There was no between group 
difference in total protein content in embryos (Kruskal-Wallis Test, ；?=0.13). 
Although there was a significant between group difference in total yolk 
sac protein content, none of the caffeine group was found to be 
significantly different from the control group by the Least Significant 
Difference test. 
However, there were significant and positive relationships between total 
embryonic protein content and total morphology score (p<0.01, r2=0.446), 
and between total yolk sac protein content and total morphology score 


















































































































































































































































































































































7.4 Combined Effects of Hyperglycemia and Caffeine on Early 
Embryogenesis 
7.4.1 Combined Effects of Hyperglycemia and Caffeine on 
Morphological Development 
As in the second part of the present study, we had split the samples into 
two parts. The first part included the control group, the four fold 
hyperglycemic group and the four fold hyperglycemia plus 1.0 ^ig/ml or 
2.5 f ig /ml caffeine groups. The second part included the control group, 
the four fold hyperglycemic group, the four fold hyperglycemia plus 5.0 
l^g/ml or 10.0 |Lig/ml caffeine groups. Again, we have pooled data from 
both parts for statistical analysis. Thus, the sample sizes of the control 
group and the four fold hyperglycemic group were approximately twice 
as many as other experimental groups. The sample size for the control 
group, the four fold hyperglycemic group, the hyperglycemia plus 
1.0 f ig /ml , 2.5 f ig /ml , 5.0 [ig/m\ and 10.0 | i g /m l caffeine groups were 39, 
38,16,16, 24 and 21 respectively. 
Morphology scores were summarized in Tables 8 and 9. Figures 10 to 15 
are images of embryos subjected to different combinations of 
hyperglycemia and caffeine concentrations. A l l morphological features 
were smaller or lower in the hyperglycemic group compared w i th the 
control group. On the other hand, no difference in all morphological 
features was observed in any of the caffeine supplemented groups 
compared w i th the control, suggesting that hyperglycemia induced 
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Graph 3. Scatter plot of total morphology scores in different 
hyperglycemic plus caffeine conditions. Where Group 1 is 
experimental control; Embryos in groups 2 to 6 wi th 26.70mM 
glucose plus caffeine concentrations of l .O^g/ml, 2.5}ig/ml, 
5.0|ig/ml and lO.Ofig/ml, respectively. 
Figure 10a. 
Embryo after 48 hours of culture in standard culture medium. EA, H, S, 
BB, and E represent ear, heart, somite, branchial bar, and eye respectively. 
Interval of scale bar = 1mm. 
Figure 10b. 
Embryo and its yolk sac after 48 hours of culture in standard culture 
medium. EC, YS, A, BB, and H represent ectoplacental cone, yolk sac, 
allantois, branchial bar, and heart respectively. Interval of scale bar = 
1mm. 
Figure 11a. 
Embryo after 48 hours of culture in combinations of 4-fold hyperglycemia 
and 1.0 ^ ig/ml caffeine. HB, BB, S, FL, H, E, FB, CNT, and MB represent 
hindbrain, branchial bar, somite, forelimb, heart, eye, forebrain, caudal 
neural tube, and midbrain respectively. Interval of scale bar = 1mm. 
Figure l i b . 
Embryo and its yolk sac after 48 hours of culture in combinations of 4-fold 
hyperglycemia and 1.0 | i g /m l caffeine. YS and EC represent yolk sac and 
ectoplacental cone. Interval of scale bar = 1mm. 
Figure 12a. 
Embryo after 48 hours of culture in combinations of 4-fold hyperglycemia 
and 2.5 ^ ig/ml caffeine. FB, E, BB, HL, FL, S, H, and EA represent 
forebrain, ear, branchial bar, hindlimb, forelimb, somite, heart, and ear 
respectively. Interval of scale bar = 1mm. 
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Figure 12b. 
Embryo and its yolk sac after 48 hours of culture in combinations of 4-fold 
hyperglycemia and 2.5 |Lig/ml caffeine. YS represent yolk sac. Interval of 
scale bar = 1mm. 
Figure 13a. 
Embryo after 48 hours of culture in combinations of 4-fold hyperglycemia 
and 5.0 n g / m l caffeine. E, BB, S, FL, H, and EA represent eye, branchial 
bar, somite, forelimb, heart, and ear respectively. Interval of scale bar = 
1mm. 
Figure 13b. 
Embryo and its yolk sac after 48 hours of culture in combinations of 4-fold 
hyperglycemia and 5.0 |^g/ml caffeine. YS, EC and A represent yolk sac, 
ectoplacental cone, and allantois. Interval of scale bar = 1mm. 
Figure 14a. 
Embryo after 48 hours of culture in combinations of 4-fold hyperglycemia 
and 10.0 |Lig/ml caffeine. EA, S, H, BB, E, and FB represent ear, somite, 
heart, branchial bar, eye, and forebrain respectively. Interval of scale bar = 
1mm. 
Figure 14b. 
Embryo and its yolk sac after 48 hours of culture in combinations of 4-fold 
hyperglycemia and 10.0 ^ ig/ml caffeine. YS represent yolk sac. Interval of 
scale bar = 1mm. 
Figure 15. 
Embryo after 48 hours of culture in 4-fold hyperglycemic conditions. CNT, 
E, BB, H, and EA represent caudal neural tube, eye, branchial bar, heart, 
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and ear respectively. 
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7.4.2 Combined Effects of Hyperglycemia and Caffeine on Production of 
8-isoprostaglandin F2a 
Results were summarized in Table 10. Compared w i th control, the 
concentrations of 8-isoprostaglandin Via were significantly higher only in 
embryos and yolk sacs cultured in four-fold hyperglycemic conditions. 
This increased was prevented and reverted by the supplementation of 
caffeine. In fact, compared w i th the control, the supplementation w i th 5.0 
|Lig/ml and 10.0|ag/ml of caffeine caused a significant reduction in 
8-isoprostaglandin F2a level in yolk sacs even in the presence of 
hyperglycemia. 
In embryos, significant and negative correlations existed between levels of 
embryonic 8-isoprostaglandin F2a and total morphology scores (p=0.001, 
r2=-0.341) and between levels of embryonic 8-isoprostaglandin F2a and 
crown rump length (p=0.01, r2=-0.268). In the yolk sac, a significant 
negative correlation existed between levels of yolk sac 8-isoprostaglandin 
F2a and yolk sac diameter (p=0.01, r2=-0.480). 
7.4.3 Combined Effects of Hyperglycemia and Caffeine on Total Protein 
Content 
































































































































































































































































































































































































































































































































































































































































































































































































































































































Section IV: Discussion and Conclusions 
Chapter 8: Discussion 
As mentioned in chapter 4, the main objective of this thesis was to answer 
the question "What are the effects of addit ion of caffeine on 
hyperglycemic teratogenesis？〃 No data on this question has been reported 
to date. A t the same time, i t wou ld not be a dif f icult task to f ind a habitual 
caffeine-consuming pregnant lady. Apart f rom intending to add 
knowledge on this question, i t seems interesting to know whether caffeine 
wou ld play a role of teratogen to exert addit ive or synergistic effects to 
hyperglycemic teratogenesis or it wou ld act as antioxidant to alleviate the 
malformations induced by hyperglycemia. Between these two possibilities, 
we hypothesize, based on a series of literature reviews, that caffeine acts 
as an effective antioxidant at concentrations lower than the threshold 
teratogenic levels, to scavenge reactive oxygen species generated in 
hyperglycemic conditions and thus diminish degrees of 
dysmorphogenesis caused by hyperglycemia. 
The project has been div ided into three parts: I) to reaff i rm the 
dose-dependent teratogenicity of hyperglycemia. II) to f ind out the 
threshold teratogenic caffeine levels III) to assess the combined effects of 
hyperglycemia and caffeine by using teratogenic glucose doses but 
sub-teratogenic caffeine dose. Throughout the project, whole embryo 
culture model (New 1976) was applied to culture conceptus w i t h precise 
control of concentrations of teratogens in the medium. Embryos after 
culture were scored morphologically and then sent to measurement of 
protein content (Lowry et al. 1951), which reflects the extent of growth of 
embryos. In order to bear out the combined effect is exerted through 
product ion and el imination of reactive oxygen species the most reliable 
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marker of degree of l ip id peroxidation, 8-isoprostaglandins F2a, (Morrow 
et al. 1995), was measured in embryos as well as in yolk sacs. 
In this section, discussions wi l l also be divided into parts and carried out 
according to subtopics as shown below. 
Effects of Hyperglycemia on Embryonic Growth and Development 
High blood glucose level is a well-known factor causing mal-development 
of fetuses (Reece et al. 1996). However, the threshold doses leading to 
anomalies vary from study to study (Reece et al. 1998, Freinkel et al. 1986). 
Reece et al. observed malformations in two-fold glucose level while 
Norbert et al d id not observe any discernible lesions unti l in four-fold 
glucose level. Thus, the first part of this study targeted at: 1) reaffirming 
the dose-dependent teratogenicity of hyperglycemia; 2) uti l izing the whole 
rat embryo culture model to f ind out the teratogenic levels of 
hyperglycemia; 3) laying a fundamental knowledge for the study of the 
combined effects in the latter part of the project. Apart f rom carrying out 
morphological assessment to observe and affected morphological features, 
the protein assay enabled any effect on the degree of growth in 
hyperglycemic conditions to be observed. 
What are the affected features? 
Results reveal the fact that hyperglycemic conditions affect embryonic 
development in all morphological features that were assessed: yolk sac 
circulation, allantois, flexion, heart, caudal neural tube, hind brain, mid 
brain, fore brain, optic system, otic system, number of branchial bars, fore 
limb, hind limb, total morphology scores, yolk sac diameter, crown rump 
length, and number of somites. A l l of these scores obtained probability 
values less than 0.01 estimated by Kruskal-Wallis test. In sum, 
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hyperglycemic conditions significantly cause malformations as compared 
wi th normal glycemic conditions. 
Dose related or not? 
Moreover, our data went w i th the previous findings that hyperglycemia 
affects embryonic development in a dose dependent fashion (Reece et al. 
1998, Soler et al. 1976). Direct negative relationships between morphology 
scores and degrees of severity of hyperglycemia we observed. These 
negative trends confirm once again the dose-dependent effect of 
hyperglycemia on embryonic mal-development. 
What is the threshold teratogenic level? 
Overall, high blood glucose exerts teratogenic effects above a two fold 
hyperglycemic level. The total morphology scores obtained in two fold 
hyperglycemic group show significant difference w i th ；7<0.05 as compared 
wi th the control group. However, this phenomenon does not happen on 
every morphology feature. Significant differences w i th p<0.05 were only 
obtained in hind limb, number of somites and total morphology scores 
when the two-fold hyperglycemic group is compared w i th the normal 
glycemic group. While in features of yolk sac circulation, fore brain, optic 
system, otic system and hind l imb features, they do differ as compared 
w i th control group in four fold hyperglycemic conditions. For the allantois, 
flexion, heart, caudal neural tube, hind brain, mid brain, number of 
branchial bars, fore limb, yolk sac diameter and crown rump length, they 
differ w i th control group at eight fold hyperglycemic conditions. 
How about growth ？ 
Morphologically speaking, hyperglycemia affects cell differentiation in 
every feature. However, such direct effects are not consistent for growth 
as reflected by data from the protein assay. Significant differences cannot 
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be achieved statistically when the total embryonic protein contents of 
hyperglycemic groups are compared w i th the control group. However, 
when the total protein content of embryos is correlated w i th the total 
morphology scores, a correlation coefficient is obtained w i th a significant 
value of 0.319, while total protein content of embryos correlated w i th 
crown rump length of embryos, w i th a correlation coefficient of 0.341. In 
hyperglycemic yolk sacs protein content, results are similar to those of 
embryonic protein content. No significant protein content difference is 
shown between any hyperglycemic group and the control group. 
However, there are again significant correlations between yolk sac protein 
contents and total morphology scores as wel l as between yolk sac protein 
contents and mean yolk sac diameter. The relevant correlation values are 
0-155 and 0.397 respectively. Even though significant differences between 
groups are not achieved, significant correlations do confirm a direct 
relationship between morphology scores, sizes of yolk sac and embryonic 
crown rump length w i th protein content. As predicted f rom the data, 
hyperglycemia does affect embryonic growth but in a less sensitive 
manner. 
Mechanistic Considerations in Hyperglycemic Teratology 
Unti l now, it is still not precisely known what mediates the teratogenic 
effects of hyperglycemia. The fol lowing four biochemical pathways have 
been mentioned to have associations w i th hyperglycemic teratogenesis: 1) 
prostanoid synthesis, 2) protein glycation, 3) glucose autoxidation as wel l 
as 4) polyol pathway. There are also many factors confirmed to be 
associated w i th hyperglycemic embryopathy including yolk sac injury 
(Pinter et al. 1998, Reece et al. 1986), myo-inositol deficiency (Goldman et 
al. 1986), genetic factors (Eriksson et al. 1986, 1988), arachidonic acid 
deficiency (Goldman et al. 1986), accumulation of sorbitol (Weigensberget 
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et al. 1990; Hod et al. 1986), glycosylated protein formation (Brownlee et al. 
1984, Arai et al. 1987), as well as reactive oxygen species production 
(Chang et al. 1985, Sussman et al. 1988) etc.. Previous studies have shown 
that a supplement of free oxygen radical scavenging enzymes effectively 
lowered or even returned the malformation rates of hyperglycemia to 
normal (Hales et al. 1987, 1988). One study has also shown that 
hyperglycemia does disturb GSH concentration, which is one of the 
primary cellular antioxidants (Hales et al. 1991). Concluded from these 
studies, glucose causes disturbed embryogenesis by generation of oxygen 
free radicals or lowering of cellular antioxidative ability. Such a 
postulation is further supported by the evidence that all the four 
hyperglycemia-associated biochemical pathways result in excessive 
production of free radicals. In the first part of the present study, we 
attempt to reaffirm that free oxygen radicals involved in l ip id 
peroxidation are partly responsible for causing embryonic developmental 
damage in high blood glucose levels conditions by measurement of 
8-isoprostaglandins F2a, the most reliable marker for measuring degree of 
l ip id peroxidation mediated by reactive oxygen species (Morrow et al. 
1995). 
How reliable or how novel is measuring 8-isoprostaglandins Plain embryos 
In the past, there was a lack of methods or, more correctly to say, markers 
to assess oxidative stress status specifically and sensitively (Hall iwell et al. 
1987). Recently, the discovery of 8-isoprostaglandins F2a as a product 
resulting from oxygen free radical attack of l ipid, has turned the free 
radical field to a new page. The reason is that quantitative measurement of 
isoprostane provides a reliable non-invasive and advanced approach to 
assess the degree l ip id peroxidation and thus oxidative stress status 
(Morrow et al. 1995). From the best of our knowledge, apart f rom Wentzel 
in 1999 (Wentzel et al. 1999) who performed a pilot experiment in 
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measuring the isorostane level of rat embryos, we are only the second to 
attempt it. From his study, hyperglycemia of 30 mmol/1 increased 
embryonic l ip id peroxidation. Here, lower levels than 30mmol/ l were 
used, which are more clinically applicable. Practically speaking, the 
isoprostane levels in embryos are two low to be measured. Thus, the 
recommendation is that stringent adherence to the protocol is essential in 
extraction of isoprostane. 
Do 8-isoprostaglandins F2a levels really correlate with hyperglycemic levels? 
For embryonic 8-isoprostaglandins F2a, we have shown embryos cultured 
in hyperglycemic conditions give a significant increase in levels of 
8-isoprostaglandins F2a levels. Mult iple comparisons between 
hyperglycemic groups and control group confirm that embryonic 
8-isoprostaglandins F2a starts to differ in four fold hyperglycemic 
condition when compared wi th the control. There is also a significant 
difference in yolk sac 8-isoprostaglandins F2a level between groups, but 
the level starts to differ in eight fold hyperglycemic conditions as 
compared w i th control. As a trial, isoprostane levels in culture medium 
were also quantified. However, results show that there is no difference in 
isoprostane levels among hyperglycemic groups. There was a direct 
negative relationship between embryonic 8-isoprostaglandin F2a activities 
and morphology, and between yolk sac 8-isoprostaglandins F2a activities 
and morphology. These relationships have not been reported before and it 
provides a further support of the role of oxidative stress in 
hyperglycemia-induced embryonic damages. Our results confirm once 
again oxidative stress is one of the vital mechanisms causing 
hyperglycemic embryopathy. 
What is recommended? Measuring isoprostane in embryos, yolk sacs or medium? 
So far, there are two ways for estimating isoprostane levels in samples. 
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Without doubt, we do not recommend measuring isoprostane levels in 
culture media. The reason is that isoprostane levels in media may affect 
the real isoprostane amount diffused out f rom embryos dur ing culture. It 
is not hard to conceive that media composed of both DMEM and rat 
serum may contain variable amounts of isoprostane secreted by mother 
rats dur ing anesthesia. Moreover, isoprostane levels vary f rom rat to rat 
due to different physiological status. To sum up, culture media is not the 
best sample to estimate isoprostane levels in this study. 
Effects of Caffeine on Embryonic Growth and Development 
Acting as one of the most frequently consumed substances (Gilbert 1984), 
caffeine clearance rate decreases during the course of pregnancy (Aldridge 
et al. 1981, Knutt i et al. 1981, Parsons et al. 1982). Caffeine has been 
subjected to many studies on its effects on embryonic growth and 
development since a warning has been put in place by the F. D. A. to 
suggest pregnant women do not consume caffeine or consume it as little 
as possible. In animal studies, caffeine has been confirmed as a weak 
teratogen causing embryonic abnormalities. However, not all 
investigations have demonstrated the consistent effects. While in human 
studies, it is found that maternal consumption of caffeine at high doses is 
associated w i th numbers of poor pregnancy outcomes (Winick 1998), 
caffeine consumption could not be related to the frequency of several 
types of congenital malformations. A t the same time, there are data 
revealing that caffeine is a powerful antioxidant (Kesavan et al. 1985,1973, 
1978, Zhen et al. 1995) w i th antioxidative ability even more powerful than 
ascorbic acid (Devasagayam et al. 1996). 
As data on the threshold teratogenic dose of caffeine is not consistent and 
the teratogenic level is animal strain dependent, the second part of the 
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present study is aimed at f inding out the threshold teratogenic level of 
caffeine for Sprague Dawley rats. Such information could also help to lay a 
foundation for the latter part of the present study. 
What are the affected features? 
Based on the non-parametric Kruskal-Wallis test, caffeine exerted 
teratogenicity in all morphological features that were assessed: yolk sac 
circulation, allantois, flexion, heart, caudal neural tube, hind brain, mid 
brain, fore brain, optic system, otic system, branchial bars, fore limb, hind 
limb, number of somites and hence the total morphology scores of the 
embryos. Besides, caffeine also reduced embryonic crown rump length 
and mean yolk sac diameter significantly. Teratogenicity of caffeine was 
reaffirmed in the present study and its teratogenic effects seem to cover all 
morphological features that were measured. 
What is the threshold teratogenic dose? 
Findings f rom recent research concluded that caffeine is a weak teratogen 
because it does not express its teratogenic effects below its threshold 
teratogenic doses, which is approximate 60| ig/ml to 80 j i g /m l in rodents. 
Our results also show that significant malformations of morphological 
features start mostly above a dose of 60|ag/ml. However, there were also 
some exceptional features like yolk sac diameter, number of somites, and 
hind l imb development, where data show that they start to mal-develop at 
a caffeine dose of 30^g/ml. Hence, these criteria may be more sensitive 
and fallible to such teratogen. In fact, it is widely known that fetal l imb 
abnormality is one of the most major and easily observed impacts from 
caffeine. Our results showed that l imb development was more sensitive to 
caffeine. Thus, it is not hard to conceive that the l imb is one of the most 
obvious criteria affected by caffeine. 
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Dose related or not? 
Same as hyperglycemia, direct negative relationships between 
morphology scores and concentrations of caffeine are reported in 
Spearman's correlation coefficient wi th occurrence probability less than 
0.01. The negative trends show that the higher the dose of caffeine taken, 
the worse the development of embryos. 
Does caffeine affect grozvth? 
Morphologically speaking, high dose caffeine does affect cell 
differentiation in every morphological feature. Wi th respect to growth in 
protein content, data show caffeine exerts effects on growth. Statistical 
significant difference is achieved among caffeinated groups in yolk sacs. 
Further, when total protein content of embryos was correlated w i th total 
morphology scores, a correlation coefficient was obtained significantly 
w i th a value of 0.446. In caffeinated yolk sacs protein content, there was a 
significant correlation between yolk sac protein contents and total 
morphology scores. The relevant correlation value was 0.451. As reflected 
from the data, the higher the dose of caffeine, the less the growth of 
embryos as well as their yolk sacs. 
What caffeine concentration is the hypothesized antioxidant? 
The hypothesis of the present project was that caffeine in low 
concentration would act as an antioxidant to scavenge reactive oxygen 
radicals effectively and thus correct to a certain extent of damage 
generated from hyperglycemic conditions. One of the intentions of having 
the first and the second part of this study was to lay a basis to estimate the 
amount of glucose as well as the concentration of caffeine to be used in the 
third part of the study- combined effect of hyperglycemia and caffeine. 
As mentioned in discussing hyperglycemic results, four fold glucose 
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would be taken as the hyperglycemic level for testing the combined effect. 
The reason of choosing this level is that at this glucose concentration, 
amount of reactive oxygen radical increases significantly as compared 
wi th that in normal glycemic conditions. Besides, this level surely affects 
morphology and growth of embryos. Hence, it would help to prove, if 
caffeine would really act as an antioxidant, the amount of reactive oxygen 
species as well as morphological defects would decrease or even return to 
normal. 
The most critical step was to estimate doses of caffeine to be tested. As 
confirmed in second part of the study, a high dose of caffeine (equal to or 
higher than 60 ^ig/ml caffeine) caused congenital anomalies. At the same 
time, based on previous findings, researchers have only tested 
antioxidative power of caffeine at a level of 2| ig/ml, where it was sure that 
this level can exert antioxidative effects (Devasagayam et al. 1996). Besides, 
the antioxidative ability of caffeine is dose dependent. Thus, thecombined 
effect was tested by using caffeine levels of l ^ g / m l , 2.5^g/ml, 5^g /m l 
and lOfig/ml. These levels are taken because it had been confirmed that 
these levels did not induce any teratogenicity whilst it was believed that 
they could exert their reactive oxygen species-scavenging abilities. More, 
this level range could be easily achieved habitually, equivalent to taking 1 
to 10 cups of coffee per day. 
W/iy there was no quantitation of 8-isoprostaglandins F2a in caffeinated 
samples? 
Embryos and yolk sacs affected by caffeinated conditions were not sent for 
measurement of levels of 8-isoprostaglandins F2a because of two major 
reasons. 1) this project was not aimed at f inding out if caffeine exerts its 
teratogenicity through the generation of reactive oxygen species. 2) it is 
logical to think that if caffeine does really give antioxidative effects, it 
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would lower the levels of 8-isoprostagladins F2a. However, due to 
technical problem of the assay, where the lowest detection l imit is 
3.9pg/ml 8-isopostaglandins Via, it is not feasible to test the 
lower-than-baseline level where the baseline level is given by the 
experimental control. Moreover, it is also certain that if the combined 
effect corrects or decreases morphological defects and decreases levels of 
8-isoprostaglandins F2a, the phenomenon was due to the addition of 
caffeine and thus caffeine wass acting as an antioxidant at that 
concentration in this situation. 
Combined Effects of Hyperglycemia and Caffeine on Early 
Embryogenesis 
After designing the concentrations for testing the possible combined 
effects of hyperglycemia and caffeine on early embryogenesis, the study 
plan was implemented. Results confirmed the hypothesis of this thesis. In 
this section, assessing criteria wi l l be discussed one by one to analyze 
effects of sub-teratogenic dose of caffeine on fetal development in 
hyperglycemic mothers. 
Are there any improvements in morphological defects? 
Addit ion of sub-teratogenic amount of caffeine decreased morphological 
defects caused by hyperglycemic conditions. The above statement is 
backed up by the data that whilst embryos cultured in 4-fold 
hyperglycemic conditions gained significantly lower morphological scores 
as compared to those cultured in normal glycemic conditions, embryos 
cultured in four-fold glucose media wi th addition of various subtle 
amount of caffeine did not differ f rom those cultured in normal glycemic 
media. However, they did differ f rom those cultured in four-fold 
hyperglycemic medium morphologically in all features assessed. A simple 
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conclusion could be drawn from here that congenital anomalies caused by 
high glucose levels could be diminished or corrected by additions of 
caffeine at mill imolar concentrations in vitro. 
What is the effect on total protein content? 
As the protein content of embryos cultured in four fold hyperglycemic 
condition did not differ from that of control group, due to the insensitivity 
of the protein level to the teratogen, any effect on total protein content 
caused by combined effects could not been seen. 
Does correction of morphological defects caused by hyperglycemia relate to doses 
of caffeine? 
Increasing doses of caffeine added to the four fold hyperglycemic 
conditions correlated positively and significantly w i th morphology scores. 
Hence, it is observed that caffeine corrected congenital abnormalities 
caused by hyperglycemia in a dose dependent fashion. If caffeine really 
corrects such defects through elimination of reactive oxygen species 
produced by embryos due to environmental hyperglycemia, it agrees w i th 
the notion that caffeine scavenges reactive oxygen species in a dose 
dependent fashion, which would be further justified when 
8-isoprostaglandins F2a levels in the combined effect samples were 
measured. 
Many of the recent studies revealed the potentiation of teratogenic effects 
of caffeine when it was combined w i th other teratogens (Nash et al. 1989, 
Kusama et al. 1989, Nakazawa et al. 1985). But, primari ly speaking, the 
present study reveals one of the benefits of caffeine. That is at 
sub-teratogenic concentrations caffeine can prevent the congenital 
maldevelopment of embryos in a hyperglycemic environment. As for the 
underlying correction principle, as mentioned in the hypothesis, it may be 
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through the scavenging of reactive oxygen species induced by 
hyperglycemia. Thus, in the coming section, 8-isoprostaglandins F2a 
levels were examined in hyperglycemic conditions and the combined 
conditions in order to confirm the viability of this mechanism. 
Mechanistic Consideration: Caffeine correct morphological defects 
through scavenging reactive oxygen species 
Caffeine acts as antioxidant? 
The logic proposed in the present study is that one of the mechanisms 
through which hyperglycemia induces its teratogenicity is generation of 
reactive oxygen species. In fact, as proven in first part of this study, 
hyperglycemia does cause overproduction of 8-isoprostaglandins F2a. 
Hence, additions of sub-teratogenic amounts of caffeine, which enable 
caffeine to act as an antioxidant, could correct morphological defects and 
scavenge reactive oxygen species caused by hyperglycemia. The 
8-isoprostaglandins F2a levels would thus decrease in embryos cultured 
in media w i th combined additions of glucose and caffeine. 
Wi th respect to embryonic 8-isoprostaglandins F2a levels, again, embryos 
grown in four-fold hyperglycemic conditions had significant increase in 
levels of 8-isoprostaglandins F2a as compared w i th those grew in normal 
control conditions. In spite of this, embryos cultured in four-fold 
hyperglycemic conditions w i th addition of caffeine did not differ in levels 
of 8-isoprostaglandins F2a as compared w i th those cultured in normal 
control conditions but differ in levels of 8-isoprostaglandins F2a as 
compared w i th those cultured in four fold hyperglycemic conditions. 
More, significant negative trends are observed between embryonic 
isoprostane levels and doses of caffeine added- the more the quantity of 
caffeine added to same level of hyperglycemic conditions, the lower the 
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embryonic isoprostane levels. This implies that caffeine exerts its ability of 
scavenging reactive oxygen species in dose dependent fashion. 
As for the yolk sac 8-isoprostaglandins F2a levels, four-fold 
hyperglycemic yolk sacs show significant increase in isoprostane levels as 
compared w i th normal yolk sacs. However, w i th addit ion of l ^ g / m l 
caffeine and 2.5 |Lig/ml caffeine to the same hyperglycemic conditions, 
yolk sacs isoprostane levels decreased back to normal. Wi th addition of 
5|^g/ml caffeine and 10| ig/ml caffeine to hyperglycemic conditions, yolk 
sacs isoprostane levels decreased significantly in isoprostane levels as 
compared w i th normal yolk sacs. Besides, a direct and significant negative 
correlation was shown between concentration of isoprostane in yolk sacs 
and doses of caffeine added to the same hyperglycemic conditions. 
Predicted f rom these data, caffeine does scavenge yolk sac reactive oxygen 
species induced by hyperglycemia in dose dependent manner too. 
However, the scavenging ability at doses of 5 | ig /ml and 10|Lig/ml may be 
so high that even reactive oxygen species produced in normal conditions 
were scavenged. The recommended doses of caffeine to be used as 
antioxidants for scavenging reactive oxygen species produced f rom 
four-fold hyperglycemia is 2.5|Lig/ml or below. 
As for isoprostane levels in combined-effect medium, there is no 
significant difference in any combined effect groups as compared w i th the 
control group, even in the four-fold hyperglycemic group as compared 
w i th the control group. These findings, as explained before, may be 
attributed to the fact that culture medium is not a suitable sample type for 
estimation of 8-isoprostaglandins F2a levels. 
From the embryonic and yolk sac isoprostane levels, the conclusion could 
be drawn that caffeine acts as antioxidant to scavenge reactive oxygen 
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species induced by hyperglycemia and thus lowers levels of 
8-isoprostaglandins F2a. 
Data Variation and Outstanding Data in the Present Study 
What is the expected protein range in embryos and yolk sacs cultured in the 
present model? 
Based on the data, the expected embryonic protein range in the present 
study is 100|j,g to 700|j.g, while the expected yolk sac protein range is 
200|ag to 600|j,g. As described before, the data in the protein assay are not 
normally distributed. In other words, we discovered that wi th in these 
ranges, data are distributed randomly wi th approximately same number 
of subjects falling in each narrow range. 
Are there any data in the protein assay outside the expected range? 
Yes, there are some data in the protein assays outside the expected range. 
There are two embryos cultured in hyperglycemic conditions yielding 
protein contents approximate to or greater than lOOO i^g. Also, in the 
combined effect study, one embryo yielded near 1000|ig of total protein. 
There are also lower extremities, like one in the combined effect study, 
which had 90.1}ig of total protein. To explain these data, we referred to 
their relevant morphology scores and discovered that upper extremities 
obtain high total morphology scores like 50 or more. While for low 
extremities, the relevant total morphology scores are less than 5. Of course, 
some embryos are estimated to have more than lOO^g or less than 700)ig 
even though they really scored low and high, respectively. So, another 
reason for the phenomenon is that we have to accept that in the protein 
assay method does exist some variations. As mentioned before, the 
amount of color varies w i th different proteins. Some embryos may 
develop well in some proteins while other develop better in another 
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proteins. It leads to one variation. Another variation may due to the fact 
that the color given during protein assay is not strictly proportional to 
concentration. When combined the above reasons together, it is not 
difficult to conceive that it is possible to have some errors in this assay. 
The same explanation is applied to extremities in yolk sac proteins. There 
are some data in caffeine groups wi th yolk sac protein values less than 
200|ig, and two negative protein value in combined effects group. Again, a 
few yolk sac protein in caffeine groups larger than 600|ig. When referred 
to their morphology scores, they yielded lower than normal and higher 
than normal scores. 
What are the explanations for the variations in morphological scores? 
In the statistical analysis of results, we have already excluded cell masses 
from the database. So, how come the range of morphological scores is so 
wide? To explain these variations, we first explain those of control data 
and then those of experimental groups. 
The range of control morphological data is not actually wide. From a 
scatter plot, we could understand that there are only a very few embryos 
which scored low. More than 90% of control embryos could yield normal 
or high scores and the data are mostly skewed to the high scored side. 
When compared w i th experimental groups, the number of embryos 
malformed in control groups is far fewer than those in experimental 
groups. 
In the experimental group, the number of embryos morphologically 
scored low is large. The simplest reason is that the teratogen added 
exerted an embryotoxic effect and affects embryonic development. 
However, we could also observed some did score high and making the 
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range of data wide. This phenomenon may due to the fact that some 
embryos may have stronger resistance to the teratogen than others have. 
At least genetic factor can contribute to their variations in resisting 
adverse environments. 
What are the explanations for the variations in isoprostane data? 
As mentioned in the section of Materials and Methods, using the kit 
provided by Cayman Chemicals yields data higher at high concentrations 
and lower at low concentrations. This may attribute to the variations of 
isoprostane data. But the data is still of high availability. We are the 
second to attempt measurement of isoprostane levels in embryos cultured 
from this system. The first attempt measured this in the same samples, in 
the same system and also utilized the same kit as the methodology. The 
data from these two studies are consistent. 
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Chapter 9: Conclusions and Future Directions 
Conclusions 
Based on the logic and the results from the present study, it is concluded 
that caffeine acts as an effective antioxidant at concentrations lower than 
its threshold teratogenic levels to scavenge reactive oxygen species 
induced in hyperglycemic conditions and thus diminish degrees of 
dysmorphogenesis caused by hyperglycemia. 
Future Directions 
Even though the situation is not exactly the same in humans as in animals, 
the present findings would be implicative to clinical cases in a certain 
extent. In other words, we believe that subtle amount of caffeine may be a 
good dietary supplement or drug to reduce rates of congenital 
malformations among infants of hyperglycemic mother. Further 
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